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Summary
Humic materials, which have been implicated in a number of 
adsorption processes in the marine environment, were 
isolated from seawater using three extraction procedures 
( a d s o r p t i o n  o n t o  X A D - 2  resin, u 1 t r a f i 1 t r a t i o n  and 
chloroform-emulsion extraction). XAD extraction appeared 
to be best suited to the isolation of fulvic acids whilst 
high molecular weight components were best extracted using 
ultrafiltration. The chloroform-emulsion technique may be 
used to extract the surface-active humic materials.
These extracts were shown to be capable of adsorbing to 
hydrophilic and hydrophobic substrates and more detailed 
adsorption characteristics (adsorption isotherms; effect 
of pH, ionic strength, temperature and surface area on 
adsorption) were determined using silver iodide powder as 
the adsorbent. These adsorption studies reflected the 
polydisperse and polyelectrolyte nature of the extracts. 
The use of silver iodide allowed the infrared examination 
of adsorbed materials from these experiments and a 
c o m p a r i s o n  w i t h  an a d s o r b e d  f i l m  f o r m e d  f r o m  
unfractionated seawater was made.
Contact angle data showed that hydrophilic and hydrophobic 
substrates remained or became hydrophilic after adsorption 
of 1 some of the extracts on their surfaces. These adsorbed 
layers were shown to inhibit the attachment of a marine 
pseudomonad (NCMB 2021), as shown for a clean hydrophilic 
substrate and this was in marked contrast to high numbers 
of attached organisms on a clean hydrophobic 'substratei
It is suggested that the major components of adsorbed 
"conditioning" films formed in vivo are humic acids with 
fulvic acids and lipids being minor components. It is 
further suggested that adsorbed materials may not play an 
active role in bacterial attachment, it may simply be that 
macromolecule adsorption precedes it in nature.
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CHAPTER 1.
General Introduction
1.1. Fouling in aqueous environments.
The fouling of the surfaces of materials which are in 
contact with natural aqueous environments is a widespread 
phenomenon. For example, the fouling of boat and ship 
hulls (Woods Hole, 1952; Characklis, 1981), fouling of 
powerplant condenser tubing (Hendrickson and McComish, 
1980; Duddridge et al., 1982), fouling of offshore oil and 
gas installations (Kingsbury, 1981; S.C.I., 1981), the
formation of dental plaque (Quintana, 1975; Dag Orstavik,
1980) and thrombus formation in artificial blood vessel 
materials (Baier, 1977).
It has been s u g g e s t e d  that the first s t a g e  of 
contamination is the rapid adsorption of a surface film of 
biopolymers (sometimes called a "conditioning" film). For 
example, when various solids are inserted into the oral 
cavity (Baier and Glantz, 1976), the sea (Loeb and Neihof, 
1975) and blood (Baier and Dutton, 1969; Baier et al., 
1970) m acromolecules are rapidly adsorbed from the 
surrounding fluid. Microorganisms (Baier, 1973; Baier and 
Glantz, 1976), or platelets in the case of blood (Baier, 
1977), may then adhere to this biopolymer layer. The 
adsorbed macromolecular layer may not, however, be a 
prerequisite for attachment although Baier (1973) and
Corpe (1979) suggest this to be the case. It may be that 
macro m o l e c u l e  adsorption simply often precedes it in 
nature. There is evidence to show, however, that the 
adsorption of plasma proteins is intimately involved in 
thrombus formation (Morrissey, 1977).
Attachment of microorganisms to solid surfaces is thought 
to encourage  ^ tlieir activity via a concentration of 
nutrients at the interface! (ZObell,1 9 4 3 ;Marshall,1976). 
The attached m i c r o o rganism layer can then lead to the 
attachment of larger fouling organisms (Wood, 1967; Corpe, 
1970a) and/ o r  the d e t e r i o r a t i o n / c o r r o s i o n  of the 
underlying material, for example in dental e q u i p m e n t  
(Kelstrup et al., 1977), water cooling towers (Carey, 
1975) and offshore oil installations (S.C.I., 1981; Hardy,
1981).
1.2. Fouling in the marine environment
The fouling of materials in the marine e nvironment has 
considerable economic importance in a wide range of 
industries. Examples include the fouling of ships* hulls, 
bilges, tanks, rudders and propellers (Woods Hole, 1952; 
Balasubramanyan et al., 1973) concrete jetties, wharves 
and sea walls (Wood, 1967), marine timber (La Que, 1973; 
Fazzani et al., 1975), marine plastics (Padilla and 
Muraoka, 1973), buoys and marinas (Woods Hole, 1952;
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Fletcher and Chamberlain, 1975), power station cooling 
systems (Woods Hole, 1952; Cotton, 1973), desalination  
plants (Magnum et a l ., 1973) and offshore oil and gas 
installations (S.C.I., 1981; Hardy, 1981).
Fouling is most troublesome in the more fertile waters, 
e.g. coastal and tropical (Woods Hole, 1952; Beaubien et 
al., 1972; Gerchakov and Sallman, 1977), and although it 
diminishes with distance from the shoreline it does not 
disappear in mid-oceanic regions or the abyssal depths 
(Gerchakov and Sallman, 1977). The major p r o b l e m s  
resulting are the deterioration and corrosion of the 
material under the fouling layer (Woods Hole, 1952; 
Rogers, 1968; Hardy, 1981; S.C.I., 1981), blocking or the
restriction of flow of fluid through pipes (Woods Hole; 
1952; Dempsey, 1981; Kingsbury, 1981) and increased 
frictional resistance on the structure involved (Woods 
Hole, 1952; Characklis, 1980; Kingsbury, 1981).
The build-up of the fouling layers may be described by 
four stages:-
(i) adsorption of organic molecules to form a layer or 
film (the surface "conditioning" layer),
(ii) a t t a c h m e n t  to, and c o l o n i s a t i o n  of, the 
"conditioned" surface by pioneering bacteria,
(iii) colonisation by other microoganisms. Entrapment of 
detritus and particulates (e.g. clays, silt).
(iv) Fouling by larger organisms (e.g. barnacles and
3
seaweeds).Continued particle and detrital entrapment.
It has been shown that when solids are immersed in 
seawater their surfaces rapidly adsorb organic molecules 
to form a layer or film (Goupil et al., 1973, 1980? Baier, 
1973; L o e b  and N e i h o f ,  1975, 1977; H u n t e r ,  1980;
Kristoffersen et al., 1982). Furthermore these adsorbed 
films were derived from the dissolved organic matter in 
seawater (Neihof and Loeb, 1972, 1973, 1974; Loeb and 
Neihof, 1975,1977? Hunter, 1980? Kristoffersen et al.,
1982). However, the nature of the dissolved organic 
matter in seawater is not known with any certainty; only 
10-20% is fully characterised (Ogura, 1974? Williams, 
1975), the remainder being ascribed to the terms marine 
humus (Skopintsev, 1971), gelbstoff (Kalle,1966) or the 
uncharacterised fraction (Williams,1975),all of which are 
a variety of ill-defined polymeric materials.Nevertheless 
it has been suggested that the adsorbed layer may be 
glycoprotein (Baier, 1973? Goupil et al., 1973) or humic 
(Loeb and Neihof, 1975? Goupil et al., 1980) in character. 
The suggestion that the adsorbed layer may be glycoprotein 
was based on the limited data of multiple internal 
reflection infrared spectra of films adsorbed from 
seawater onto germanium prisms. The inference of it being 
humic material was based on the similarity of the natural 
fluorescence of seawater to that of a c o m m e r c i a l  soil 
humic extract (ex Calbiochem) dissolved in seawater, and 
the decrease of the fluorescence after contact with
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solids. The similarity may have been coincidental since 
the nature of terrestrial and marine humic materials are 
thought to be different (Williams, 1975). However, the 
fluorescence of seawater has been shown to be due, in 
part, to some of the marine humic materials (Kalle, 1966? 
Stuermer, 1975).
Thus, although films of adsorbed organic material can be 
derived from the dissolved organic matter in seawater, 
little is known about their composition. Seawater and its 
dissolved organic matter represents a m u l t i c o m p o n e n t  
s y s t e m  and, s i n c e  a d s o r p t i o n  f r o m  s o l u t i o n  is a 
competitive process (Norde, 1976), it is likely that the 
adsorbed layer may be mul t i c o m p o n e n t  - consisting of 
solvent(water), inorganic ions and low and high molecular 
weight organic materials.
A possible major source of adsorbing material could be the 
macromolecular dissolved material in seawater since (i) 
this constitutes 80-90% of the dissolved organic matter 
and (ii) macromolecules are the more likely materials to 
form the reported (Loeb and Neihof, 1975? Hunter 1980? 
K r i s t o f f e r s e n  et a l . , 1982) i r r e v e r s i b l y  b o u n d
f i l m s . M a c r o m o l e c u l e s  are m o r e  l i k e l y  to f o r m  an 
irreversibly adsorbed layer owing to the large number of 
contacts, per molecule, with the surface that can occur 
and the probability of all these contacts desorbing 
simultaneously is very small (Silberberg, 1962). Soluble
macromolecules in seawater have been shown to collect at 
the air-sea interface (Hunter and Liss, 1981a) and at an 
organic liquid interface (Khaylov, 1968) suggesting 
surface activity. Neihof and Loeb (1972) have indicated, 
with dialysis experiments, that high and low molecular 
weight (greater or less than ~ 1 2 , 0 0 0  molecular weight) 
material may be present in an adsorbed film produced on 
exposure of an ion-exchange resin to natural seawater. 
They further showed that the macromolecular components 
could be removed from limited amounts of seawater by a 
column of porous glass.
S e v e r a l  t e c h n i q u e s  have bee n  used to i n d i c a t e  the 
presence, and some p h ysico-chemical properties, of 
adsorbed layers formed on surfaces of materials exposed to 
s e a w a t e r .  T h e s e  hav e  i n c l u d e d  m u l t i p l e  i n t e r n a l  
reflectance spectroscopy (Baier, 1973; Goupil et al., 
1973, 1980) microelectrophoresis (Loeb and Neihof, 1975;
Hunter, 1980), surface wettability ( Loeb and Neihof, 
1977 ), ellipsometry ( Loeb and Neihof, 1977 ;
K r i s t o f f e r s e n  et a l . , 1982), e l e c t r o n  m i c r o s c o p y  
( K r i s t o f f e r s e n  et al., 1982), s u r f a c e  p o t e n t i a l
me a s urements (Kristoffersen et al.,1982), Auger and 
E l e c t r o n  s p e c t r o s c o p y  for c h e m i c a l  a n a l y s i s  
(E.S.C.A.) (Kristoffersen et al., 1982) and polarography  
(Hunter and Liss, 1981b; Cosovid" and VojvodicT, 1982).
N e i h o f  and L o e b  ( 1 9 7 2 , 1 9 7 3 , 1 9 7 4 )  m e a s u r e d  t h e
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electrophoretic mobilities of various particulates in 
contact with artificial and natural seawater. They showed 
that the p a r t i c l e s  had a w i d e  range of m o b i l i t i e s  
(positive and negative) in artificial seawater but on 
exposure to natural seawater these converged to lie 
within a narrow negative range. Photo-oxidation, removal 
of organic material (Armstrong et al.,1966) , of natural 
seawater resulted in particle mobilities comparable to 
those in artificial seawater. They suggested that the 
observed changes in mobility values were due to surface 
a d s o r p t i o n  of o r g a n i c  m a t e r i a l  f r o m  the s e a w a t e r .  
Although the similar charge assumed by the different 
particles in seawater suggested that similar constituents 
were being adsorbed, there was no direct evidence to show 
that they were the same. These authors (Neihof and Loeb, 
1976; Loeb and Neihof, 1977) have further examined the 
mobilities of metallic particles contacted with seawater. 
Mobility m e a s u r e m e n t s  on platinum and iron particles 
revealed positive mobilities in seawater depleted of 
organic matter (U.V. photo-oxidation) which bec a m e 
negative on exposure to natural seawater. The changes 
were consistent with their earlier findings for non- 
m e t a l l i c  p a r t i c l e s .  W a s h i n g  the c o a t e d  p a r t i c l e s  
(metallic and non-metallic) with photo-oxidised water 
resulted in no change of mobility indicating that the 
adsorbed material was irreversibly bound. Ellipsometric 
and contact angle measurements,using polished p l a t i n u m
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plates, were also carried out in this study. The kinetics 
of a d s o r p t i o n  w e r e  s h o w n  by t h e  e l l i p s o m e t r i c  
measurements. Using a series of assumed refractive 
indices they showed the increase in film thickness with 
time. The results indicated that a film formed very 
rapidly during the first few minutes of exposure and 
continued to increase in thickness at an appreciable rate 
for a p e r i o d  of h o u r s  (^3). The i n c r e a s e  in f i l m  
t h i c k n e s s  then b e c a m e  m o r e  g r a d u a l  but w a s  s t i l l  
continuing even after twenty hours (the longest time 
examined). The authors have indicated that an equilibrium 
value may not have been reached after this exposure time. 
However, the constant mobilities of the platinum particles 
obtained after one hour exposure to seawater indicated 
surface coverage in that time and that there was no 
further change in surface charge density. This led the 
authors.to interpret the long term ellipsometric changes 
as the adsorption of additional material of the same 
composition and refractive index to yield a film of 
increasing thickness. Replacement of the seawater with a 
fresh portion of seawater after twenty hours exposure did 
not s i g n i f i c a n t l y  alter the lat t e r  s l o w e r  ra t e  of 
adsorption, indicating that the change in rate was not due 
to the depletion of adsorbing organic material. The 
optical properties of the platinum plate i m m e r s e d  in 
photo-oxidised seawater (natural and artificial) were  
consistent with no organic adsorption from these waters.
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The contact angle data were consistent with the presence 
of an adsorbed organic film after immersion of the 
platinum plate in natural seawater. The contact angles 
o b t a i n e d ,  u s i n g  w a t e r  and d i i o d o m e t h a n e , s h o w e d  a 
similarity to those obtained for a clean nonionic nylon 
and a poly(methyl) glutamate surface. These data, 
although indicating the presence of an adsorbed organic 
film, may not represent the energy of a coated surface in 
the natural environment since the drying procedure carried 
out will cause dehydration and possible collapse of the 
adsorbed film.
Hunter and Liss (1979,1982) have shown that a range of 
n a t u r a l l y  o c c u r r i n g  p a r t i c u l a t e s  (clay m i n e r a l s ,  
aluminosilicates, quartz grains, calcite, living and dead 
organisms and detritus) in estuarine and coastal waters 
also had a narrow range of negative mobilities. The 
authors stated that in view of the highly varied nature of 
the particle types involved the results provided evidence 
of a dominant role of oxide and/or organic film in 
determining the surface properties of suspended estuarine 
particles. Similarly Neihof and Loeb (1972) have shown 
negative mobilities for a number of naturally occuring  
particulates.
Further work by Hunter (1980), using the technique of 
microelectrophoresis, has shown that well characterized 
solids (representing a range of surface types - an acidic
oxide, a basic oxide, an ion-exchange resin and an organic 
polymeric resin, Amberlite XAD-2) adsorbed dissolved 
o r g a n i c  m a t t e r  w h e n  f r e s h l y  e x p o s e d  to s e a w a t e r .  
Adsorption was reflected in the shift of the mobilities 
t o w a r d  m o r e  n e g a t i v e  v a l u e s  and w i t h  a r e s u l t a n t  
convergence of,these values. Washing with U.V.-irradiated 
seawater or electrolyte solutions did not readily remove 
the adsorbed films. The results were consistent with 
those of Neihof and Loeb (1972,1973,1974) and Loeb and 
Neihof (1975,1977) for introduced particulates and Hunter 
and Liss (1979,1982) for naturally occurring particulates. 
The mobility variation with pH and metal ion concentration 
(using the method of Bungenberg de Jong, 1949) pointed to 
carboxylic acid and phenolic groups as the major ionizable 
functions.
Kristoffersen et al., (1982) using the techniques of 
electron microscopy, e l l i p s o m e t r y , surface potential 
measurements, Auger and E.S.C.A. spectroscopy and contact 
angle determinations, have produced data consistent with 
the formation of organic films on various metal surfaces 
during exposure to natural seawater. Scanning electron 
micrographs showed the absence of living o r g a n i s m s  in 
these films. The ellipsometry data were consistent with 
those of Neihof and Loeb (1975,1976) and Loeb and Neihof 
(1977) in that the film thickness increased over a period 
of several hours, but the major part of the adsorption 
o c c u r r e d  w i t h i n  one hour. The s u r f a c e  p o t e n t i a l s
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decreased on all metal surfaces when exposed to seawater. 
These surface potentials stabilized (after ~ 3 0  minutes) 
long before the ellipsometric readings, indicating that 
the later-adsorbing organic material did not significantly 
alter the surface charge. The contact angle data yielded 
little information. The authors suggested that this may 
be a result of the "reactivity" of the metal surfaces in 
contact with electrolyte solutions. The Auger and 
E.S.C.A. data (for copper and aluminium) suggested the 
presence of organic adsorption together with the formation 
of surface corrosion products (hydroxides and oxides).
The adsorption of naturally occurring surface-active 
m a t e r i a l s  at a c h a r g e d  m e r c u r y  e l e c t r o d e  has b e e n  
demonstrated (Cosovic' et al.y 1977? (fosovic' and Vojvodid', 
1982? Hunter and Liss, 1981b). Cosovic et al.(1977) using 
polarography and a Kalousek commutator technique showed 
the presence of surface-active materials in surface and 
subsurface waters for a natural seawater. The surface 
microlayer was found to be enriched with surface-active 
material in comparison to the subsurface water. By 
comparison with different model compounds they suggested 
lipids and some m a c r o molecules constituted part of the 
surface active material. Cosovic and Vojvodic (1982) 
l a t t e r l y  i n d i c a t e d ,  using p o l a r o g r a p h y ,  that the 
a d s o r p t i o n  e f f e c t  at the e l e c t r o d e  w a s  p r o d u c e d  
predominately by high molecular weight compounds. The 
surfactant activity (of Adriatic seawater) was measured
a g a i n s t  T r i t o n - X - 1 0 0  (as a m o d e l  s u r f a c t a n t )  
concentrations and represented an activity of 0.01-0.5 mg. 
per litre for bulk seawater and 0 .1 - 2 mg. per litre for 
surface microlayer samples. They also d e m o nstrated 
seasonal variations in surfactant activity and these were 
related to changes in biological activity in the sea. 
Hunter and Liss (1981b) showed concentratons (as Triton-X- 
100 equivalents) generally between 0.8 and 2.5mg. per 
litre, for both surface microlayer and subsurface water, 
from a number of British coastal and estuarine sites. The 
microlayer samples were generally enriched with surface- 
active material relative to the subsurface water. A good 
correlation between the polarographic surfactant levels 
and dissolved organic carbon (DOC) levels was found (i.e. 
surface-active compounds form a relatively constant 
fraction of the dissolved organic matter). They further 
i n v e s t i g a t e d  the use of U . V . - p h o t o - o x i d a t i o n  for 
destroying the organic surfactants and the effect of 
storage on their concentration.The presence or absence of 
hydrogen peroxide in the U.V.-oxidation process did not 
alter the rate of oxidation of the organic surfactants. 
There was an initial rapid destruction of the surfactants. 
A residual sixteen percent of surfactant activity remained 
after irradiation for one hour and this required fifteen 
to twenty hours irradiation to reduce it to a standard 
blank value. The authors stated that this indicated the 
presence of a small quantity of highly U.V.-oxidation 
resistant surfactant and further suggested that adsorption
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techniques (e.g. activitated charcoal) may prove more 
efficient for their removal. The effect of storing 
seawater at 6 °C in the dark showed only small changes in 
surfactant activity for periods ranging from a few hours 
to one week after collection and an increase in activity 
of twenty percent after thirty four days. The addition of 
a preservative (HgC^) at the time of collection caused an 
initial increase in activity which may have resulted- from 
cell lysis after death from the toxic effects of Hg(II).
Adsorption of dissolved organic material can occur not 
only on introduced materials but also on naturally  
occurring particles, for example clays, quartz grains and 
calcite (Siegel, 1971? Healy 1971). The adsorption onto 
naturally occuring particulates may provide one mechanism 
for the incorporation of organic material into mar i n e  
sediments (Bader et al., 1960, Bader, 1961? Bordovskiy, 
1965a? Hedges, 1977). The previously described work of 
Hunter and Liss (1979) and Neihof and Loeb (1972) has 
indicated a possible role of adsorbed organic matter in 
determining the charge on natural particulates. They  
demonstrated negative mobilities for a variety of natural 
particulates. However, PravdicT (1970) showed that the 
charge on some marine sedimentary particles were positive 
in saline solutions ( > 6 7 *?) and were negative only in 
freshwater. The reason for the difference between these 
results and those of Hunter and Liss (1979,1982) and 
Neihof and Loeb(1972) is not clear but may poss i b l y  be
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related to the origin of the particles involved. The 
latter two groups of authors examined particles that had 
been in suspension in seawater whereas Pravdic^ examined 
sedimentary particles. The incorporation of material, 
such as metals (Balistrieri, 1981), into marine sediments 
could influence the charge on these particles. Hunter 
(1980) has shown a charge reversal with metal ions and 
organic coated particles and Mantoura (1981) has indicated 
the e x i s t e n c e  of, and r e v i e w e d ,  o r g a n o - m e t a l l i c  
interactions in natural waters. Other possible reasons for 
the difference in the results are discussed by Hunter and 
Liss (1982). These include the pretreatment and storage 
of the sedimentary particles prior to m e a s u r e m e n t  and 
adsorption of cationic contaminants (e.g. long chain 
amines) onto these particles.
Hedges (1977) examined the uptake of some simple organic 
molecules (glucose, valine and stearic acid), in saline 
solution, by well characterised clay minerals. Glucose 
and valine exhibited low affinities for the clay minerals. 
However, stearic acid was efficiently removed from 
solution for a large concentration range (1 0 - 1 0 0 0  ppb). 
The differences in affinity of the organics for the clay 
minerals were related to their solubilities in saline 
solution - stearic acid being the least soluble. The 
author concluded that, although some types of sim p l e  
organic molecules may be selectively removed from seawater 
by suspended clay minerals, the extent of cl a y - o r g a n i c
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association observed could not produce the levels of 
organic material found in natural sediments. Bordovskiy 
(1965a) suggested that owing to rapid mineralisatonf the 
bodies of dead organisms from the upper water layers and 
bottom-dwellers, do not play a great role in the supply of 
organic matter to sediments. In some marine sediments 
live organisms account for five to ten percent of the 
total amount of organic matter (Oppenheimer. 1960). Hence 
a large proportion of the organic matter in sediments  
should be in a combined state (adsorbed) with the mineral 
p a r t i c l e s .  H e d g e s  (1977) f u r t h e r  s u g g e s t e d  tha t  
association with other organic substances, for ex a m p l e  
h u m i c  p o l y m e r s ,  m i g h t  r e s u l t  in h i g h e r  l e v e l s  of 
sedimentary organic matter. Rashid et al., (1972) have 
demonstrated the ability of clay minerals to adsorb marine 
sedimentary humic materials from saline solutions.
Meyers and Quinn (1973) have investigated the adsorption 
of fatty acids, in saline solution, onto clay minerals, 
natural marine sediment particles and calcite. They  
showed that a number of acids could be adsorbed onto clay 
minerals but the extent of adsorption was dependent on the 
solubility of the acid - the least soluble being adsorbed 
the most. They further showed that naturally occurring 
d i s s o l v e d  o r g a n i c  m a t t e r  in s e a w a t e r  r e d u c e d  the 
adsorption of heptadecanoic acid (by up to sixty percent) 
on bentonite clay. Simple molecules (glucose, a m i n o -  
acids, free and esterified fatty acids) had little effect
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on fatty acid uptake whereas a soil fulvic acid reduced 
the adsorption of the fatty acid on the clay mineral. 
Similarly natural sediment organic matter (0.5M NaOH and 
methanol extracted, i.e. humic and lipid materials) 
reduced the adsorption of the fatty acid onto natural 
sedimentary particles in comparison to adsorption onto 
hydrogen peroxide treated (organic-free) particles. Thus 
humic materials are possibly responsible for the observed 
reduced fatty acid-mineral association. The carbonate 
mineral calcite was examined since organic coatings have 
been implicated in the slow equilibrium of c a l cium 
carbonate in seawater (Chave, 1965; Chave and Suess, 
1970). The organic coatings may prevent the solution of 
c a l c i t e  in u n d e r s a t u r a t e d  w a t e r  a n d  a l s o  t h e  
precipitation of calcite in supersaturated seawater 
because of organic-coated crystal nucleii. In the above 
work (Meyers and Quinn, 1973) calcite was shown to adsorb 
a quantity of the fatty acid. This was consistent with 
their earlier findings (Meyers and Quinn, 1971). However, 
in this study they showed that naturally occurring 
dissolved organic matter reduced the fatty acid adsorption 
by calcite, and further indicated that little of this 
interfering natural organic matter was lipid material. 
They did show that lipid material could contribute to the 
organic coating although this may only represent eighteen 
percent of the total fatty acid content of the seawater. 
This may have been dependent on the origin and/or the 
concentration of the calcite since Suess (1970), using a
different calcite at a higher concentration, showed a 
removal of lipid material of forty four percent.
Suess (1970) has also demonstrated adsorption onto 
carbonate minerals using stearic acid and albumin as model 
a d s o r b a t e s .  He f u r t h e r  s h o w e d  that n a t u r a l  l i p i d 
materials (as described above) and c h l o r o f o r m - e m u l s i o n  
extractable material (containing amino-acids) were also 
adsorbed by carbonate minerals. Khaylov (1968) indicated 
that these e m u l s i o n - e x t r a c t a b l e  m a t e r i a l s  w e r e  
macromolecular and possibly humic in character. Muller and 
Suess (1977) demonstrated the presence of amino-acids in 
natural carbonate sediments and suggested that adsorption 
from solution was the most likely source.
Carter and Mitterer (1978) and Carter (1978) link the 
above work to the mechanism of uptake of humic substances 
by sedimentary calcium carbonate. Amino-acids were found 
to comprise fifteen to thirty six percent by wei g h t  of 
humic substances extracted from both carbonate and non­
carbonate sediments. H u m i c  substances from carbonate 
sediments were found to be enriched in aspartic and 
glutamic acids in comparison to those from non-carbonate 
sediments which contain primarily glycine and alanine. 
These acidic amino-acids were particularly abundant in the 
lower molecular weight fraction of fulvic acid from 
c a r b o n a t e  s e d i m e n t s  (Carter and M i t t e r e r ,  1978). 
Adsorption experiments using fulvic acid (>500 molecular
weight by ultrafiltration) extracted from a carbonate 
sediment, with calcite and quartz (Carter, 1978) showed 
that the carbonate surface adsorbed” polymers that were 
aspartic acid rich while quartz adsorbed the aspartic acid 
poor fraction. The adsorption of the humic acid fraction 
of the extract was not examined. However, the above work 
does indicate a possible distribution pattern of h umic  
sedimentary material which could be related to both the 
mineralogy of the sediments and the chemical composition 
of the associated humic material (Hedges, 1980).
Adsorption of organic molecules also occurs at the air- 
water interface which results in a higher concentration of 
organics in the surface microlayer compared to subsurface 
water (Williams, 1967; Hunter and Liss, 1977, 1981b?
Cosovicf, 1982). Early studies of microlayer organic 
chemistry have indicated the presence of lipid material in 
this layer (Garrett, 1967, 1970? Jarvis, 1967? Jarvis et 
al., 1967). H o w e v e r ,  S i e b u r t h  (1976) s h o w e d  tha t
carbohydrates could account for a significant fraction of 
the microlayer organics. This, together with infrared 
spectroscopic data (Baier et al., 1974? Baier, 1981) has 
indicated the microlayer to be predominately carbohydrate- 
proteinaceous polymers with a high degree of hydroxylation 
and carboxylation, and that lipids constitute only a 
small fraction of the microlayer organic material even in 
naturally occurring slicks (Hunter and Liss, 1977, 1981a). 
It has been shown ( Meyers and Quinn, 1971, 1973) that
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lipid material may not retain its strong surface-activity 
in the presence of more surface-active dissolved organic 
matter. Hydrocarbons appear to be significant only in 
pollution slicks (Hunter and Liss, 1981a). Hunter and 
Li s s  (1981a) ha v e  s u g g e s t e d  that the m a r i n e  h u m i c  
materials may constitute a major part of the film-forming 
material and some similarity to marine humic material has 
been noted (MacIntyre, 1974; Goupil et al., 1980). The 
spectra for microlayer organics and those of surface- 
active bulk seawater organics were similar suggesting that 
similar types of material were adsorbing at the different 
interfaces.
The accumulation of surface-active materials at the air- 
water interface has been shown to occur within minutes of 
the, surface being cleaned (Jarvis, 1967). He also found 
t h a t  s e a w a t e r  c o n t a i n e d  a r e l a t i v e l y  c o n s t a n t  
concentration with depth (from the first few centimetres 
to at least 20 metres) of surface-actve material. Only 
the thin layer of water at the air-water interface showed 
an increased concentration of this material. Agitation 
(stirring or bubbling) of the water samples increased the 
accumulation of organics at the air-water interface. 
Bubbling was indicated to be the more effective agitation 
process.
Aggregate formation by adsorption of dissolved organics
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onto rising bubbles is thought to be a means of producing 
the increased concentration of particulates in the upper 
layer of the sea (Sutcliffe et al., 1963; Riley, 1963; 
Riley et al., 1964, 1965). Barber (1966) showed that
bubbling would not aggregate molecules of less than 
100,000 molecular weight. Work by Menzel (1966) however, 
suggested that bubbling was an unlikely mechanism for the 
production of particulates. Natural bubbling may not be 
involved in the formation of particulates it may simply be 
a means of increasing their concentration in the upper 
layers by a flotation mechanism (Carlucci and Williams, 
1965; Wallace et al., 1972).
The above data suggest that seawater contains natural 
surface-active dissolved organic compounds which are 
capable of adsorbing to a large number of interfaces. 
M a c r o m o l e c u l a r , humic and lipid materials have been 
implicated in a number of adsorption processes. The 
surface-acivity of lipid materials appears to be reduced 
in the presence of other naturally occurring surface- 
active organics. The adsorbed film could alter the charge 
and wetting properties of the solid surface. Adsorption 
is rapid, occurring within minutes of exposure of the 
clean surface to seawater, but can continue for a. number 
of hours.
The second stage of the fouling process is the attachment 
to and colonisation of the "conditioned" surface by
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fouling microorganisms. It has been suggested (Dexter et 
al., 1975? Fletcher and Loeb, 1976; Baier, 1980) that
differences in the configuration and distribution of the 
"conditioning" layer may be important in determining the 
types, n u m b e r s  and r ates of a t t a c h m e n t  of f o u l i n g  
organisms, although this has not been demonstrated.
Since the pioneering work of Zobell and Allen (1935) 
demonstrating irreversible attachment and the potential 
enhancement of growth for attached microorganisms, a great 
deal of work has been carried out in an effort to describe 
microbial contamination of materials immersed in seawater. 
In vitro and in vivo studies have been carried out and 
have included examining the influence of s u b stratum 
composition on the fouling regime (Dexter et al., 1975; 
Fletcher and Loeb, 1976, 1979; Gerchakov et al., 1976; 
Taylor, 1977; Dexter 1979; Marszalek et a 1. ,• 1979;
Dempsey, 1981; Berk et al., 1981), the m e c h a n i s m  of 
attachment of marine bacteria (Marshall et al., 1971a,b; 
Meadows, 1971; Marshall, 1973; Young and Mitchell, 1973a; 
F l e t c h e r ,  1 9 7 6 , 1 9 8 0 a ;  M e a d o w s  and A n d e r s o n  1979; 
Kjelleberg et al., 1982) and the means of attac h m e n t  
(Corpe, 1970a, b, 1973; Corpe et al., 1976; Fletcher and 
Floodgate, 1973, 1976; Fletcher, 1977, 1979, 1980b). The 
m e c hanis m and means of attachment will be discussed in 
chapter five.
In most investigations concerned with the initial stages
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of colonisation of a surface by marine m i c r o o r g a n i s m s  
bacteria generally appear to be the most opportunistic 
(Zobell and Allen, 1935? Corpe, 1970; M arshall et al., 
1971a; Sechler and Gundersen, 1973). Other organisms, 
e.g., diatoms, microscopic algae and fungi often appear 
after the bacteria (Gerchakov, et al., 1976) although 
these seldom exceed the number of bacteria (Corpe, 
1970a). The initial deposit of m i c r o o r g a n i s m s  which 
appears on a surface is often referred to as the primary 
film. The pr i m a r y  film is made up from a number of 
bacterial genera,for example Pseudomonas, Flavobacterium, 
Achromobacter , Caulobacter , H y p h o m i c r o b i u m  and / or 
Saprospira species often predominate (Corpe, 1973). These 
bacteria together with diatoms, m i croscopic algae, 
protozoa, fungi and non-living matter form the so-called 
primary "slime" layer (Taylor, 1977) and this constitutes 
stages (i) to (iii) in the described breakdown of the 
fouling process. The rates of attachment, proportions, 
sequence and specific composition depend on a number of 
f a c t o r s  and t h e s e  i n c l u d e  the l o c a t i o n ,  ye a r  and 
season,depth, proximity to previously fouled surfaces and 
substratum compostion (O'Neill and Wilcox, 1971; Corpe, 
1979; Marszalek et al., 1979).
The original variation of bacterial types colonizing a 
surface may be eliminated within twenty four hours and the 
f l o r a  w i l l  c o n s i s t  of a f e w  d o m i n a n t  s p e c i e s  
characteristic of the specific water column (Gerchakov et
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al., 1976). A rise in the population of organisms within 
primary slime layers in vitro has been shown to result in 
a rise in population in the surrounding fluid. It has 
been suggested that this was due to organisms being 
sloughed off the mature films into the surrounding medium 
(Hendricks, 1974). The periodic reduction in the attached 
population of in vivo primary slime layers may be due to 
the same mechanism (Sechler and Gundersen, 1973).
It is generally thought that attachment enhances the 
activity of the organisms via a concentration of nutrients 
at the surface (Zobell, 1943; Marshall, 1976), but may 
also be due to favourable pH, oxygen and carbon dioxide 
gradients present at the surface (Paerl, 1980). The 
proximity of the solid surface may also retard the 
diffusion of exoenzymes away from the attached cells 
(Zobell, 1943). However, although nutrients may be 
concentrated and adsorbed at the solid-liquid interface, 
it is not clear whether organisms can utilise these, 
specifically the irreversibly bound m a c r o m o l e c u l a r  
compounds (Fletcher, 1979).
The primary "slime" layer has been shown to be important 
in that it can produce some frictional resistance on the 
immersed structure (Woods Hole, 1952), can p r o m o t e  
metallic corrosion (Kalinenko, 1959) and can enhance 
secondary fouling (Miller et al., 1969, Hillman and Nace, 
1970? Horbund and Freiberger, 1970).It has been shown, for
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example, that if the slime layer is removed from a 
stainless steel plate once a week, barnacles will not 
develop on the surface (Relini and Dabini, 1973) and that 
the presence of a primary "slime" layer can increase the 
number of secondary attaching organisms from 0.3 per 
square inch to 5.4 per square inch in twenty four hours 
(Wood, 1967) .However, Skerman (1956) and Miller et 
al., (1969) have suggested that the primary "slime" layer 
m a y  not be e s s e n t i a l  for the a t t a c h m e n t  of th e s e  
organisms.
After the formation of the primary "slime" layer secondary 
fouling by barnacles, protozoa, algae, fungi and molluscs 
can occur, together with entrapment of particulates into 
the developing fouling layers. The attachment of some 
secondary organisms, especially barnacles, is so permanent 
that they remain attached even after their death (Hillman 
and Nace, 1970). The primary "slime" layer may assist 
secondary fouling in six ways (Zobell, 1939), (i) by
mechanically assisting attachment (e.g. enmeshing free- 
swimming larvae), (ii) by discolouring bright surfaces, 
(iii) by serving as a source of food, (iv) by p r o m o t i n g  
the deposition of calcareous cements, (v) by increasing 
the concentration of plant nutrients at the expense of 
organic matter which the bacteria decompose, (vi) by 
providing a m i c r o -environment of suitable pH for the 
attachment of secondary fouling organisms. A seventh 
factor may be important on toxic surfaces where the
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p r imary "slime" layer may protect secondary fouling 
organisms from toxins released by the surface (Wood, 
1967).
Thus, despite a suggested potential initiating role in a 
complex sequence of events, leading to gross fouling of 
structures in the marine environment little is known about 
the " c o n d i t i o n i n g "  layer - m o r e  s p e c i f i c a l l y  its 
composition and effect on subsequent microbial attachment. 
M a c r o m o l e c u l a r , humic and lipid materials, from the 
dissolved constituents of seawater, have been implicated 
in a n u m b e r  of a d s o r p t i o n  p r o c e s s e s  in the m a r i n e  
environment and Dexter et al., (1975) have suggested that 
the i n i t i a l  s u b s t r a t e  s u r f a c e  m a y  i n f l u e n c e  the 
" c o n d i t i o n i n g "  f i l m  that forms, and this, in t u r n  
influences the attachment of fouling organisms. The aims 
of the project were, therefore, to examine some aspects of 
the adsorption of some dissoved organics from seawater and 
the effect of adsorbed layers on subsequent m i c r o b i a l  
attachment.
Chapter two describes the extraction and characterisation 
of some macromolecular and humic materials from a marine 
(coastal) site.
C h a p t e r  t hree d e a l s  w i t h  s o m e  c o l u m n  a d s o r p t i o n  
e x p e r i m e n t s  w h i c h  w e r e  p r i m a r i l y  c a r r i e d  o u t  to 
demonstrate the adsorption of the extracts on hydrophilic 
and hydrophobic surfaces.
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Chapter four details adsorption data (isotherm data, 
effect of temperature, pH, ionic strength, contact time 
and surface area on adsorption) of the extracts on silver 
iodide powder. These were carried out in an attempt to 
define some of the adsorption characteristics of the 
ext r a c t s .  The use of s i l v e r  i o d i d e  p o w d e r  as the 
adsorbent, allowed the infrared examination of adsorbed 
species.
Chapter five describes the wettability, as measured by 
contact angle under water, of surfaces (hydrophilic and 
hydrophobic) treated with some of the extracts. It 
further describes the influence of adsorbed layers of the 
extracts on these surfaces, on the attachment of a marine 
pseudomonad (NCMB 2021).
Chapter six concludes the study with an overall discussion 
of the results from the preceding sections together with 
some suggestions for further work.
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CHAPTER 2
Extraction and partial characterisation of fractions of 
dissolved organic matter from seawater.
2.1 Introduction
Chapter 1 (Section 1.2) has shown that organic m aterial  
that adsorbs on surfaces of materials immersed in seawater 
is derived from the dissolved organic matter (DOM) in 
seawater. It has also been shown that macromolecular and 
humic materials, together with lipids, may be involved in 
"conditioning" film formation.
The introduction to this chapter sets out to review 
briefly the literature regarding these potential film- 
forming materials and indicate other dissolved organic 
materials present in seawater, the levels and distribution 
of dissolved organic matter, extraction methods used to 
obtain organic materials from seawater (these are used as 
a consequence of the low levels of DOM present in 
s e a w a t e r )  and their p o s s i b l e  origin. The o r g a n i c  
c h e m i s t r y  of m a r i n e  w a t e r s  is d i s c u s s e d  m o r e  
comprehensively by Williams (1975) and in the book Marine 
Organic Chemistry (Duursma and D a w s o n ,  1981). The 
experimental section then describes the site used in this 
study for obtaining fractions of DOM (Section 2.2), the 
extraction methods employed (Section 2.3), analytical
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methods used in characterizing the extracts (Section 2.4) 
and the results obtained from these experiments (Section 
2.5).
2.1.1 Levels and distribution of dissolved organic 
matter.
The o r g a n i c  c a r b o n  p r e s e n t  in s e a w a t e r  is u s u a l l y  
separated into three components - the particulate organic 
carbon (POC), the dissolved organic carbon (DOC) and the 
volatile fraction. The volatile fraction is not the 
fraction volatile at normal surface ocean temperature and 
pH but the fraction volatile at the pH required to remove 
carbonate carbon during the organic carbon analyses. All 
of the methods now used remove the inorganic carbon by 
acidification and degassing, thus removing some volatile 
organics (Sharp, 1973? Wangersky, 1975). The separation 
of DOC and POC is normally achieved by filtration through 
a 0.45 pm  filter.DOC is that fraction which passes the 
filter and POC that which is retained (Mackinnon, 1981). 
This division is made on a purely operational basis rather 
than physical definitions and is probably a carryover from 
the days of the first membrane filters (Wangersky, 1975).
DOC is normally measured by one of two methods:- (i) dry 
combustion or (ii) wet oxidation (Wangersky, 1975; 
Mackinnon, 1981). In both methods organic matter is 
oxidised and then measured as carbon dioxide, or methane
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after a subsequent reduction step. In wet oxidation 
procedures, oxidation is performed by addition of a 
c h e m i c a l  o x i d a n t ,  e.g. p o t a s s i u m  p e r s u l p h a t e ,  or 
ultraviolet irradiation. In dry oxidation methods, the 
sample is dried and the resulting residue oxidized 
(Mackinnon, 1981). Dry combustion results range between 
1.5 and 3.0 times those of wet oxidation (Wangersky, 1975? 
Mackinnon, 1981). The wet-oxidation method of Menzel and 
Vaccaro (1964), using persulphate as the oxidant,has 
g e n e r a l l y  b e c o m e  a s t a n d a r d  m e t h o d  of a n a l y s i s  in 
limnology and oceanography. The figures quoted here are 
based on this method of analysis.
Concentrations of dissolved organic matter (DOM) in 
seawater are generally highest in the upper hundred metres 
of the water column. Typical values for this zone range 
between 0.5-2.0 mg. organic carbon per litre while values 
for deep water (below 600m) are about two-thirds of the 
surface ones (Duursma, 1961? Williams, 1971? Ogura, 1974? 
Williams, 1975). At depths greater than 500m organic 
carbon values are low and relatively constant, unless the 
otherwise homogeneous system is affected by microstructure 
(e.g. density layers) (Wangersky, 1974). Since little 
geographical or seasonal variation in the concentrations 
of deep water organic matter are observed, it has been 
considered to be refractory or resistant to biological or 
chemical degradation (Barber, 1968? Menzel and Ryther, 
1970? Menzel, 1974, Bada and Lee, 1977).
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The highest concentrations of organic carbon are usually 
found in areas of high productivity or in coastal areas 
under the influence of terrestrial input, and average 
concentrations of organic matter decrease with distance 
from these input m a x i m a  (Ogura, 1975; Wheeler, 1976; 
Mackinnon, 1981).
Levels of about lmg. DOC per litre are typical of coastal 
waters (Head, 1976), although values approaching 20 mg. 
DOC per litre can occur close inshore and near the mouths 
of rivers (Strickland, 1965; Riley and Chester, 1971). It 
has been suggested that in shallow near-shore areas some 
of the DOM may come from organic pollution by land 
drainage (Jeffrey, 1969; Ogura, 1975) and leaching of 
material from sediments (Jeffrey, 1969). Maurer (1976) 
and Maurer and Parker (1972) have shown that in areas of 
tidal exchange, coastal water (Texas coast) resembled the 
adjacent seawater in salinity and DOC. They suggested 
that, depending on the magnitude of the terrestrial run­
off, in situ (marine) production of DOM will predominate 
over terrestrial input only a relatively short distance 
from the area of mixing. Duursma (1961) and Dawson and 
Duursma (1981) have indicated that the similarity in DOC 
concentrations for coastal and open ocean areas may be due 
to the m o r e  f a v o u r a b l e  c o n d i t i o n s  for b a c t e r i a l  
decomposition of organic matter in the former sites. 
Coastal areas have larger populations of bacteria than the 
open ocean and these can flourish in the presence of the
larger amounts of particulate substrates.
Estuarine levels of DOC are generally intermediate between 
those of river and typical coastal waters, and are 
generally no higher than 5mg. I"1 (Head, 1976). The 
higher levels quoted above (20 mg 1“ )^ were suggested to 
be associated with organic pollution (Head, 1976).
E s t i m a t i o n  of the c o n t r i b u t i o n  of t e r r i g e n o u s  and 
riverborne DOM to marine DOM is difficult because of the 
lack of information on input rates from rivers and 
estuaries (Gardner and Menzel, 1974; Duce and Duursma, 
1977), and there is still uncertainty as to the fate of 
dissolved riverborne organic carbon as it passes through 
the estuarine and coastal zone (Duce and Duursma, 1977). 
Some authors (Sieburth and Jensen, 1968; Hair and Bassett, 
1973; Head, 1976; Sholkovitz, 1976; Eckert and Sholkovitz, 
1976; Zsolnay, 1979; Sholkovitz and Copland, 1981) have 
suggested that a part of river DOM is precipitated when 
exposed to high salinities and will therefore be lost by 
sedimentation on encountering marine conditions. Gardner 
and Menzel (1974) have indicated that the greatest 
s edimentation of soil humic substances occurred at the 
fresh and seawater inteface. However, Hunter and Liss 
(1981b, 1982) have shown no large-scale removal of DOC and 
no removal of surface-active species during estuarine 
mixing. They suggested that flocculation affected only a 
small proportion of the total DOC present. Despite this
uncertainty of the fate of terrestrial/riverborne DOM it 
is generally thought that the terrestrial input of organic 
carbon into the oceans is relatively minor in comparison 
to in situ production (Bordovskiy, 1965b; Degens, 1970; 
Williams, 1975; Duce and Duursma, 1977; Skopintsev, 1981).
Published data on the seasonal variations of DOM are few, 
but they g e n e r a l l y  s h o w  an i n c r e a s e  in D O M  as a 
consequence of phytoplankton blooms and suggest the 
observed increase in concentration probably results from 
the decomposition of the plankton rather than from 
excretion during the bloom (Williams 1975).
2.1.2 Extraction methods.
The low levels of dissolved organic materials present in 
seawater makes their e x amination and qua n t i f i c a t i o n  
difficult. Some analytical techniques may also be 
hindered by the high levels of inorganic ions present. 
Thus concentration/extraction procedures are frequently 
employed as the first stage of examination of these 
m a t e r i a l s .  The e x t r a c t i o n  p r o c e d u r e  used w i l l  be 
dependent on the class of compound being examined (Riley,
1979).
A number of extraction procedures have been used to obtain 
dissolved organic matter from seawater. Jeffrey and Hood
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(1958) e x a m i n e d  f i v e  m e t h o d s  of e x t r a c t i o n : -  
dialysis/electrodialysis, adsorption on a number of 
substrates, co-precipitation with ferric chloride, solvent 
extraction and ion exchange. The methods recovered 
varying amounts of the dissolved organic matter and all 
had advantages and disadvantages. The least applicable 
was the ion exchange system as a result of the large 
volumes of resin required and high levels of carbon in the 
control, presumably material leached from the resin. The 
electrodialysis system was reported to recover 97% of the 
total organic matter and was suggested to be ideal for 
macromolecular materials. However, the method required 
large volumes of water to be evaporated at low temperature 
and some inorganic material was also retained by the 
membrane. The adsorption extractions showed carbon to be 
the most efficient adsorbent for removing dissolved 
organic material from seawater. The system was shown to 
remove 100% of the DOM but only 62% was recoverable from 
the column. Impurity levels could be high unless the 
carbon was exhaustively extracted with the eluting solvent 
prior to extraction. Similarly the co-precipitation  
technique was shown to remove all the DOM from seawater. 
The difficulty of removal of the ferric ions from the 
precipitate was a disadvantage to this method. Solvent 
extraction was reported to be quick and simple but 
d i f f e r e n t  s o l v e n t s  e x t r a c t e d  d i f f e r e n t  a m o u n t s  of 
material.
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Adsorption on carbon has also been used by Jeffrey (1969)/ 
Kerr (1977) and Kerr and Quinn (1975, 1980) and recoveries 
ranged between 25 and 72% of the total dissolved organic 
carbon. These studies reconfirmed the necessity to 
exhaustively extract the carbon before use. However, 
large volumes of water could be processed using fast flow 
rates, e.g. 75-235 litres at 65-95 ml. min.*’1 (Kerr and 
Quinn, 1975). Thus allowing the recovery of high levels 
of materials (e.g. 98-158 mg. from the above volumes).
Sieburth and Jensen (1968) and Lewis (1972) have used an 
adsorption technique to extract humic material from marine 
waters. This technique utilised adsorption at low pH 
(3.5) on nylon and elution was with either aqueous or 
alcoholic alkali. However organic contamination from this 
adsorbent was a problem (Mantoura and Riley, 1975).
S u b s t i t u t i o n  of n y l o n  w i t h  A m b e r l i t e  XAD s t y r e n e  
divinylbenzene resins allows organic contamination to be 
easily reduced to low levels for the low pH adsorption- 
extraction of humic materials (Stuermer and Harvey, 1977). 
The macroporous nature of these resins also allows high 
flow rates to be used and thus large volumes of water may 
be processed in a relatively short time. This method has 
been used by a number of workers to isolate h umic 
materials from natural waters (Riley and Taylor, 1969; 
Stuermer and Harvey, 1974,1977? Stuermer, 1975? Mantoura 
and Riley, 1975). However, the material isolated from
seawater by Stuermer (1975) and Stuermer and Harvey (1974,
1977) only represented a small fraction of the total humic 
material present (Gagosian and Lee, 1981). Aiken et al., 
(1979) have shown that higher recoveries may be obtained 
using XAD acrylic ester resins (e.g. XAD-8) although only 
the adsorption of fulvic acids was examined. These resins 
hav e  f u r t h e r  b e e n  used to e x t r a c t  f e s h w a t e r  h u m i c  
substances (Thurman and Malcolm, 1981; Wenta,1981; Ram and 
Morris, 1982; Wenta et al., 1982) but their effectiveness 
for marine waters has not been demonstrated.
H u m i c  materials have also been extracted from marine 
waters using interfacial emulsion methods. Martin (1972) 
has detailed an analytical method which extracts materials 
at the w a t er-isoamyl alcohol interface. Only small 
volumes (100 cm^) could be treated using this method. It 
may be possible to scale-up this procedure but a time of 
five hours was quoted for complete separation of the two 
solvents. Extraction at the chloroform-water interface 
has been utilised by Khaylov (1968). This method allowed 
larger volumes (e.g. 20 litres) to be extracted and the 
greater density of the chloroform in comparison to isoamyl 
alcohol (Handbook of C h e mistry and Physics, 1981) may 
afford a more rapid separation of the solvent layers. 
Khaylov and Finenko (1970) have estimated that this method 
isolated 10% of the total DOM.
A n u m b e r  of w o r k e r s  hav e  used the t e c h n i q u e  of
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ultrafiltration to extract macromolecular material from 
seawater (Maurer, 1971, 1976? Maurer and Parker, 1972? 
Ogura, 1974? Brown, 1975? Wheeler, 1976? Wilson and 
Kinney, 1977). The technique allows the macromolecular 
material to be fractionated according to their molecular 
weight or more strictly their molecular size. The method 
has the advantage of concentrating the m a c r o m o l e c u l e s  
without removing them from solution and it facilitates 
desalting prior to lyophilisation.
Other methods which have had limited application include 
extraction by exclusion of macromolecular material with a 
Sephadex gel (Tosteson and Zaidi, 1976? Ji m e n e z  Velez,
1978), vacuum evaporation of seawater (Palmork, 1963), and 
reverse-phase liquid c h romatography (Mills and Quinn, 
1981). The latter method isolated 10-30% of the D O M  in 
seawater (Mills and Quinn, 1981). The other two methods 
have disadvantages in that they respectively require the 
use of large amounts of Sephadex and the removal of large 
quantities of salt from the evaporated sample.
2.1.3. Composition of the DOM in seawater
The characterised fraction of the DOM in seawater is 
composed mainly of simple molecules such as amino-acids, 
sugars, hydrocarbons, pigments and fatty acids (Williams, 
1975? Morris and Eglinton, 1977). Total carbohydrate 
concentrations vary between 200 and 600 pg. l-^ of which
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simple sugars comprise <50j*g. I"*1 (Wiliams, 1975).
Individual amino-acid concentrations range be t w e e n  <1- 
20pg. 1“^ with a total amino-acid concentration (free and 
combined) no greater than 150}*g. I- *" (Williams, 1975). 
The combined sugars and amino-acids presumably comprise 
part of the uncharacterised fraction. However, the form 
in which they occur is not known with any certainty. Bada 
and Lee (1977) have suggested that the combined amino- 
acids may be derived from soluble proteinaceous material 
produced during decomposition of marine detritus, or may 
be a component of humic and fulvic acids. Degens (1970) 
indicated that most amino-acids in DOM occur in high 
molecular weight(400-10,000) material and showed that acid 
hydrolysis of filtered seawater released amino-acids in 
concentrations far above those reported for the free 
constituents. F u r t h ermore he suggested that the low 
dissolved free amino-acid concentrations were a result of 
their rapid removal (as a nutrient) by marine organisms. 
The low levels of free carbohydrate may be explained 
similarly.
Lipid materials, which have been implicated in a number of 
marine adsorption processes (Section 1.2), constitute 
between 4 and 20% of the total dissolved carbon and have 
concentrations generally ranging between 60-160pg. I” 1 
(Jeffrey, 1970? Zsolnay, 1977? Kennicutt, 1980? Kennicutt 
and Jeffrey, 1981).It has been shown (Jeffrey, 1970? 
Kennicutt 1980) that seawater lipids are a complex mixture
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of compounds including paraffinic hydrocarbons, waxes, 
sterols, sterol esters, mono-, di- and triglycerides, free 
fatty acids, pigments and phospholipids. Seasonal, 
diurnal, vertical and locational variations for the lipid 
content have been shown (Jeffrey, 1966; Kennicutt, 1980; 
Laane, 1980; Kennicutt and Jeffrey, 1981). Distance from 
the shore was not a significant factor in affecting the 
dissolved lipid concentration for Gulf of M e x i c o  water 
(Kennicutt, 1980; Kennicutt and Jeffrey, 1981). These 
authors further suggested that the fatty acid esters may 
be liberated from humic materials by microbial activity. 
Saliot (1981) has indicated that naturally occurring 
hydrocarbons may constitute 20% of the lipid material in 
seawater.
Other compounds that have been identified and occur in 
trace amounts include phenols, vitamins, nucleic acids and 
urea (Williams, 1975; Dawson and Liebezeit, 1981).
The uncharacterised remainder of the DOM has been termed 
marine humus (Section 1.2). However the use of this term 
may be misleading since it could imply that the materials 
are of the same type as soil humic materials, w h e r e a s  
considerable evidence would suggest otherwise (Kalle, 
1966; K h a y l o v ,  1968; S i e b u r t h  and J e n s e n ,  1968; 
Ishiwatari, 1969; Khaylov and Finenko, 1970; Rashid and 
King, 1970; N i ssenbaum and Kaplan, 1972; Gardner and 
Menzel, 1974; Nissenbaum, 1974; Stuermer and Payne, 1976;
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Stuermer and Harvey, 1978? Stuermer et al., 1978? Hatcher, 
1980? Hatcher et al., 1980a? Mantoura, 1981? Saito and 
Hayano, 1981? Skopintsev, 1981). Humic substances from 
terrestrial sources are highly aromatic mainly as a result 
of the incorporation of lignin degradation products from 
vascular plants, whilst aquatic humic substances are 
formed from faunal, floral and microbial residues and are 
highly aliphatic (Hatcher, 1980). However, despite their 
different sources, some close similarities have been found 
for gross chemical and physical characteristics between 
aquatic and soil humic materials (Wenta, 1981).
Humic substances (soil and aquatic) generally have 
characteristics dissimilar to any of the organic compounds 
occurring in living organisms and represent an extremely 
heterogeneous mixture (Stevenson and Butler, 1969). This 
mixture may be divided into humic and fulvic acids and the 
definitions of these are based on their solubility: humic 
acids are soluble in alkali and insoluble in acid while 
fulvic acids are soluble in both acid and alkali (Hatcher, 
1980).
The presence of humic material in seawater was first 
d emonstrated by Kalle (1937) for the North and Baltic 
seas. Kalle termed this material gelbstoff and suggested 
that it consisted of organic compounds derived from the 
degradation of planktonic organisms and also from land 
drainage.
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Sieburth and Jensen (1968) have shown, using paper 
c h r o m a t o g r a p h y ,  the p r e s e n c e  of p h e n o l i c ,  amino,  
carbohydrate and fluorescent constituents in marine humic 
materials isolated by adsorption onto nylon. Sieburth 
(1969) and Sieburth and Jensen (1969) have further shown 
that material obtained from decaying algae was similar to 
humic material isolated from inshore seawater.
The materials isolated by charcoal adsorption (Jeffrey, 
1969; Kerr, 1977? Kerr and Quinn, 1975, 1980) showed some 
variation which was dependent on their origin (coastal, 
e s t u a r i n e  or oceanic), but they g e n e r a l l y  had the 
characteristics of low molecular weight (<700) marine 
sedimentary fulvic acids. The isolated materials did not 
contain the usual compounds found in living marine  
organisms, e.g. proteins, c o m m o n  lipids and mono- and
.f
polysaccharides, indicating a humic character. The 
presence of complex carbohydrates, organic acids, amines, 
combined amino-acids (in some form other than protein), 
aldehydes, ketones and phenolic substances were shown to 
be present in the extracted material. The materials 
extracted by Stuermer (1975) and Stuermer and Harvey 
(1974, 1977) were also predominately low molecular weight 
(~80% <1500) fulvic acids. The material was shown to be 
polyfunctional, including hydroxyl and carboxyl groups, 
amino-acids and fluorescent constituents. Gagosian and 
Stuermer (1977) have shown some hypothetical structures 
for these materials. The isolated material constituted 4-
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5% of the total DOM for surface waters and 22% for deep 
waters (Gagosian and Stuermer, 1977).
Macromolecular material has also been isolated using the 
chloroform-emulsion and Sephadex exclusion techniques and 
by u l t r a f i l t r a t i o n  (Section 2.1.2). The m a t e r i a l s  
isolated by these methods had molecular weights ranging 
b e t w e e n  <500 and >200 , 0 0 0  and c o n s t i t u t e d  v a r y i n g  
percentages of the total DOM. For example, Ogura (1974) 
s h o w e d  that m a t e r i a l  w i t h  m o l e c u l a r  w e i g h t s  <50 0 
constituted ~33% and that >100,000 ~15% of the total DOC
for a Japanese coastal water. These materials have been 
shown to contain carbohydrate and proteinaceous moieties 
(Khaylov et al., 1969? Maurer, 1976? Wheeler, 1976? 
Tosteson et al., 1978). The naturally occurring surface- 
active materials found at the air-sea interface have also 
been shown to contain both proteinaceous and carbphydrate 
constituents (Sieburth et al., 1976? Hunter and Liss, 
1981a).
Attempts to elucidate the structure of sedimentary humic 
materials have been made and these have been reviewed by 
Hatcher (1980) and Hedges (1980). These results, together 
with the experimental work of Hatcher (1980), showed the 
heterogeneity of these materials and indicated that they 
are primarily aliphatic polymers, rich in functional 
groups containing oxygen and nitrogen. Fulvic acid 
molecular weights ranged between <700 to ~10,000 whereas
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humic acids ranged between <700 and >2,000,000. The work 
of Hatcher (1980) suggested that carbohydrate comprised a 
large part of the sedimentary fulvic acids and that humic 
acids contained hydroxyl, carboxyl, carbohydrate and 
proteinaceous moieties. The presence of carboxyl and 
hydroxyl groups suggested some acidic character and this 
has been demonstrated for both dissolved and sedimentary 
humic materials (Rashid and King, 1970? Stuermer, 1975; 
Huizenga, 1977; Wilson and Kinney, 1977? Desai, 1980).
2.1.4. Origin of DOM in seawater
The dissolved organic matter in seawater may originate 
from several internal sources or processes including 
excretion or extracellular loss by phytoplankton and 
macro-algae, excretion by animals, bacterial decomposition 
or autolysis of dead organisms (Menzel and Ryther, 1970? 
Williams, 1975; Morris and Eglinton, 1977). In some 
instances external sources (pollution, terrestrial, 
a t m o s p h e r i c )  m a y  also c o n t r i b u t e  ( W i l l i a m s ,  1975? 
Mackinnon, 1981).
Various authors have demonstrated excretion/exudation of 
organic materials from phytoplankton and macr o - a l g a e  
(Fogg, 1952,1962,1966? Hellebust, 1965? Hoyt, 1970? 
Aaronson, 1971? Thomas, 1971? Wilson and Collier, 1972? 
Chrost and Faust, 1980). However, it is thought that the 
major contributor to the DOM is lysis and decomposition of
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dead organisms (Duursma, 1961; Jeffrey, 1969; Dawson and 
Duursma, 1981). Dawson and Duursma (1981) have indicated 
that any extensive excretion by phytoplankton may possibly 
be based on methodological artifacts. The decomposition 
of the organic matter of plankton, its humification and 
hydrolysis has been reviewed by Skopintsev (1981).
It has been hypothesised that marine humic materials may 
be formed by condensation reactions of sugars and other 
carbohydrates with amino-acids and proteins to form 
polymers known as melanoidins (Hedgesf 1978; Hedges,
1980); the molecular weight of the polymer increasing as 
further condensation occurs, i.e. simple melanoidins give 
rise to fulvic acids, further polymerisation yields humic 
acids and finally the more condensed k e r o g e n / h u m i n  
(insoluble) polymers. The existence of naturally occuring 
melanoidins, however, has not been demonstrated. The most 
likely pathway of formation according to Hatcher (1980), 
may be the decomposition sequence h u m i n — »humic acids— * 
fulvic acids. Which of these two processes is operating 
in the marine environment is not yet known although the 
low levels of organic materials in seawater are not 
conducive to condensation reactions which depend on 
intermolecular collisions (Gagosian and Lee, 1981). 
However, these authors have indicated various processes 
whereby high local concentrations of organic matter may 
result, thus facilitating these condensation reactions. 
Hence both m e chanisms of formation could be operating
simultaneously or independently.
2.2. Site used in this s t u d y : location, exa m i n a t i o n  and 
water sampling.
Seawater for DOM extraction was collected from a site in 
Chichester Harbour (West Sussex) situated on the south 
coast of Britain. Chichester Harbour is adjacent to 
P ortsmouth and Langstone harbours (the site of the
Admiralty marine exposure trials station) as illustrated 
in figure 2.1a showing the general locality of the site.
Seawater enters all three harbours through their mouths
and tidal action (generally two high tides per day) brings
about water circulation within them.Figure 2.1b shows 
Chichester Harbour in more detail. The dotted lines 
within the harbour represent the low-water levels as 
iridicated on the Ordanance Survey map (1:50,000 series). 
Points 1,2 and 3 mark the locations of the sewage outfalls 
which discharge into the harbour. There are' a number of 
small streams which flow into the harbour but no major 
rivers. Thus the terrestrial contribution to the DOM 
should be minimal.Point A marks the location at which 
water was collected; a jetty at West Itchenor. This jetty 
allowed access to Chichester Channel water even at low 
tide. The site was chosen because of the lack of major 
r iver input and it a f f o r d e d  easy a c c e s s  f r o m  the 
University laboratory. This was required as a consequence 
of the large volumes of water (100 - 150 litre batches) 
collected and processed.
FIGURE 2.1 SITE MAPS
a. General locality
PORTSMOUTH LANGSTONE CHICHESTER
HARBOURHARBOUR HARBOUR
VANT
CHICHESTER
OSPOR
PORTSMOUTH
ENGLISH CHANNEL
b. Site used for water collection
SOiM-
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Also, in a number of cases, e.g. shipping and power 
station cooling systems, the initial fouling sequence will 
occur in or with coastal water.
The salinity, pH and temperature of the water were 
monitored twice monthly during the period June 1980 - 
January 1981 and the results are shown in table 2.1. 
These three parameters may have an effect on adsorption 
processes of the DOM.
TABLE 2.1 VARIATION OF SALIN ITY.p H AND TEMPERATURE 
AT WEST ITCHENOR JETTYfJUNE 1980-JA N U AR Y 1 9 8 1 )
SALINITY 3 0 - 3 3  %0
pH 7 .5 -8 .5
TEMPERATURE 3 - 1 8°C
Salinity was measured using titration with silver nitrate 
according to the method described by Martin (1972). 
Similar values of salinity for Langstone Harbour were 
found by Dunn (1972) and the water in this harbour was 
considered to be fully saline. Ocean water generally has 
an average salinity of 35 and a pH of 7.8 - 8.4 (Harvey, 
1974). Thus the site may be considered to represent 
truly a marine environment.
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The type of bacteria initially attaching to surfaces of 
materials immersed at this site was also examined. Glass 
and polystyrene slides were suspended from the jetty 
approximately two feet below the surface of the water for 
five hours. The slides were swabbed with absolute alcohol 
prior to immersion. Contamination from the air-sea 
interface was prevented by enclosing the holder, with the 
slides, in a polythene bag during the submersion and 
removal stages (Gerchakov et al., 1976). After removal 
the slides were rinsed thoroughly with sterile seawater 
and inverted on marine agar 2216 at 4°C for 24 hours. The 
slides were then removed and the plates incubated at 4°C 
for one week. This was the basis of the method used by 
Fletcher and Floodgate (1973) for the isolation of a 
marine bacterium for attachment studies. Individual 
colonies were apparent on the agar after one week. 
Organisms from six of the more abundant colonies .on each 
substrate were subsequently examined. All were found to 
be Gram-negative, motile rods and this was consistent with 
the findings of Corpe (1973) for initial fouling bacteria. 
No further identification of the isolated organisms was 
carried out.
Water, for extraction of its DOM, was collected from the 
end of the j e t t y  (West Itchenor) in f o o d - g r a d e  
polyethylene containers which were exhaustively rinsed 
with seawater prior to use. The containers were held at 
l e a s t  six inch e s  b e l o w  the s urface, to a v o i d  any
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contamination from the air-sea interface, and allowed to 
fill by w a t e r  p r e s s u r e  alone. The w a t e r  w a s  the n  
transported to the University laboratory and filtered, to 
remove particulates and microogansims, within 48 hours 
from the time of collection. Unfiltered and filtered 
water was stored in the dark at 5°C (Hunter and Liss, 
1981b). Filtration was achieved using a Sartorius pressure 
filtration system, at a pressure of 1.4 kg. cm ” with a 
glass fibre prefilter and a 0.2pm membrane filter. DOM is 
generally defined as that fraction of oganic matter which 
passes a 0.45pm filter (Section 2.1.1.). To reduce the 
microbial content of the seawater as much as possible a 
0 .2 p m  filter was used in this study, since some marine 
bacteria are known to pass a 0.45pm m e m b r a n e  filter 
(Ogura, 1974). Further treatment of the filtered seawater 
to restrict microbial growth was dependent on the method 
used for the extraction of the DOM. The respective 
treatments are dealt with in the appropriate extraction 
procedure.
2.3. Extraction procedures
A number of methods for the isolation of DOM from seawater 
w e r e  d e s c r i b e d  in S e c t i o n  2.1.2. T h e s e  e x t r a c t i o n  
procedures have a pronounced effect on the types and 
amounts of material recovered (Dawson and Duursma, 1981). 
In this study three methods have been used which extract 
macromolecular and humic materials. These materials have
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been implicated in a number of marine adsorption processes 
(Section 1.2). The methods used were:
(i) the extraction of humic material using XAD-2 
resin.
(ii) Ultrafiltration to obtain high molecular 
weight materials.
(iii) c h l o r o f o r m - e m u l s i o n  extraction to obtain
naturally occurring surface-active macro- 
molecular materials.
2.3.1. Extraction using XAD-2 resin
The resin is a styrene divinylbenzene copolymer obtained 
from the Rohm and Haas Co.
An .extraction method was developed based on those of 
Mantoura and Riley (1975), Stuermer (1975) and Stuermer 
and Harvey (1974, 1977) for the isolation of humic
materials from natural waters. All reagents used were of 
analytical grade and the eluting water was double- 
distilled from a Fistreem double-distillation still.
The XAD-2 resin was washed free of chloride ions with 
double-distilled water until negative when tested with  
silver nitrate. The resin is supplied containing 5% NaCl 
and 1% Na 2 C0 3  to inhibit bacterial and fungal growth (Rohm 
and Haas, 1972). The resin was freed from impurities by
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Soxhlet extraction with acetone for two hours and then 
washed on the filter with double-distilled water to remove 
the acetone. It was then packed as a water slurry into a 
lOOcm^ column (height:diameter ratio 14:1) with acid 
cleaned (HClrHNO^-lil)glass wool plugs above and below to 
secure it and 'to prevent any particulates from entering. 
The column was periodically tapped to aid the packing of 
the resin. The column was eluted with double-distilled 
water (5 bed volumes), 0.5M NaOH (ten bed volumes) and 
finally double-distilled water (ten bed volumes).
Filtered seawater (Section 2.2) was acidified to pH2 with 
12M HC1. Acidification has been shown (Duursma, 1961) to 
be an effective preservative against microbial growth. 
The water was passed under gravity through the column at 
less than two bed volumes per minute. The flow rate 
generally achieved under these conditions was 15-25 c m J 
min”-*- (0.15 - 0.25 bed volumes min~^-). After passage of 
100-150 litres of seawater the salt was eluted from the 
column with double-distilled water (until negative with 
silver nitrate). The column was then eluted (~5cm^ min”"^*) 
with five bed volumes of a m m o n i u m  hydroxide, freshly 
prepared to pH11.6 by dissolving am m o n i a  solution in 
double-distilled water. The residual hydroxide was washed 
through the column with 2 0 0 cm^ double-distilled water and 
the column then eluted (^5cm^ min” )^ with five bed volumes 
of absolute ethanol.
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The ammonium hydroxide eluate was concentrated at 35°C by 
v a c u u m  r o t a r y  e v a p o r a t i o n  to a p p r o x i m a t e l y  25cm^, 
a c i d i f i e d  to pH2 (0.1M HC1) and e x t r a c t e d  w i t h
o .
dichloromethane (3x5cmJ) to remove lipid material. The 
remaining organic (humic) material was recovered from the 
aqueous solution by lyophilization. The fulvic acid 
fraction was obtained by dissolution in 5cm^(x3) 0.01M HC1 
and the insoluble humic fraction removed by centrifugation 
at 3,000xg. for fifteen minutes. The humic acid fraction 
was resuspended m  0.01M HCl(5cmJ) and lyophilized. The 
washings containing the fulvic acid fraction were pooled 
and lyophilized. Lipid material was recovered from the 
dichloromethane by evaporation in a rotary evaporator at 
room temperature.
The ethanol eluate was evaporated to dryness by vacuum 
rotary evaporation (35°C). One extract was concentrated 
to a small volume ( ~ 5  cm^), diluted with double-distilled 
w a t e r  (50cm^) and l y o p h i l i z e d .  The s c h e m e  for the 
extraction procedure is shown in figure 2 .2 .
In order to establish whether a further fraction of 
organic material could be eluted as suggested for soil 
humic materials (Mantoura and Riley, 1975), one column was 
exhaustively eluted (ten bed volumes) with pH 11.6 NH^OH 
and subsequently eluted with pH 12.6 NH^OH (five bed 
volumes). The column was then eluted with ethanol as 
above.
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Figure 2.2 Isolation of dissolved organic material using 
XAD-2 resin.
Acidify filtered seawater to pH2 (12M HC1)
p a s s  t h r o u g h  c l e a n  X A D - 2  c o l u m n  (<2 bed
vols. min“ -^)
wash column free of Cl (negative AgNO^ test)
elute with pH 11.6 NH^OH (five bed volumes) 
 1 _____
r
reduce concentration of 
NH^OH eluate in a 
rotary evaporator (35°C).
1
adjust to pH2(0.1MHC1), 
extract lipids with
ch2ci2.
lyophilize-humic
material.
Treat with 0.01M HCl(3x5cm^) 
and centrifuge solids.
elute column with absolute 
ethanol(5 bed volumes).
evaporate to dryness or 
concentrate (rotary 
evaporator,35°C) and 
lyophi 1 ize-alcohol 
soluble fraction.
pool acid washes 
and lyophilize- 
Fulvic acid fraction.
lyophilize acid insoluble 
material-Humic acid fraction.
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The p o s s i b i l i t y  of c o n t a m i n a t i o n  a r i s i n g  f r o m  the 
preparation of the column was examined. A colu m n  was 
prepared as described above and then eluted wih pH 11.6 
NH 4 OH (five bed volumes) and finally five bed volumes of 
absolute ethanol. The NH^OH eluate was reduced in volume, 
pH adjusted to 2, extracted with d i c h l o r o m e t h a n e  and 
lyophilised as before. The ethanol eluate was evaporated 
to dryness as before. *
The m o l e c u l a r  size d i s t r i b u t i o n  of s o m e  of the 
unfractionated humic material was examined using an Amicon 
402 u l t r a f i l t r a t i o n  cell (Section 2.3.2). A k n o w n  
quantity of humic material was redissolved in NH^OH (pH 
11.6), pH adjusted to pH 7.6 (0.1M HC1) and diluted to a 
known volume (50cm^) with 0.7M NaCl. The mate r i a l  was 
then fractionated according to molecular size using, the 
membranes shown in table 2.2. The amount of material in 
each fraction was monitored using the phenol- s u l p h u r i c  
acid assay (Section 2.4). Each fraction was desalted (in 
the u l t r a f i l t r a t i o n  cell) and l y o p h i l i z e d .  W h e r e  
sufficient material was obtained, fractionation into humic 
and fulvic acids was carried out.
An attempt to recover material adsorbed onto XAD-2 at the 
natural pH (8 ) of seawater was performed since Hunter 
(1980) has suggested desorption of adsorbed material by 
alteration of the pH to 11.6. 1091. of filtered seawater, 
containing 0 .0 1 % sodium azide as a preservative, were
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passed through a prepared XAD-2 column. The column was 
then eluted with double-distilled water to remove salt 
(negative silver nitrate test), five bed volumes of pH 
11.6 N H 4 OH and finally five bed volumes of absolute 
alcohol. The NH^OH and alcohol eluates were treated as 
before.
2.3.2. Ultrafiltration
The system used was an Amicon 402 stirred ultrafiltration 
cell c o n n e c t e d  to a t w e n t y  l i t r e  s t a i n l e s s  s t e e l  
reservoir. The apparatus is shown di a g r a m a t i c a l l y  in 
figure 2.3.
Figure 2.3 ULTRAFILTRATION APPARATUS 
concentration/tiialysis
j selector
outlet
inlet
concentrate
m
RESERVOIR MAGNETIC STIRRING ULTRA­
TABLE WITH CELL
-PRESSURE
SOURCE FILTRATE
For convenience the apparatus is not drawn to scale.The 
seawater is passed through the cell under pressure and 
t h o s e  u s e d  a r e  s h o w n  in t a b l e  2.2. T h e  
concentration/dialysis selector allowed the reservoir to 
be by-passed when only the cell was required, e.g. for 
dialysis.
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TABLE 2.2 MEMBRANES USED WITH THE 402 ULTRAFILTRATION CELL
MEMBRANE NOMINAL M W T .C U T -O F F
OPERATING PRESSURE  
KG. CM'2
APPROX. FLO W -R A TE
(DISTILLED WATER)  
ML. m i n :'
X M 3 0 0 3 0 0 , 0 0 0 1 6 .0
X M 1 0 0 A 1 0 0 ,0 0 0 1 5 .0
X M 50 5 0 , 0 0 0 1 4 .5
Y M 10 1 0 ,0 0 0 5 4 .0
YM5 5 , 0 0 0 5 1.0
UM2 1 ,0 0 0 5 0 .5
UM 05 5 0 0 5 0 .3
A UM2 membrane (nominal molecular weight cut-off 1,000) 
was used to obtain a broad molecular weight fractionation 
of the DOM, i.e. all material ^1000 mwt. was obtained.
Before use the membrane was flushed with 400 cm^ double-
distilled water in the cell. All water samples were
processed as follows: filtered seawater (Section 2.2),
with sodium azide (0 .0 1 %) as a preservative, was placed in
—  2the reservoir. The system was pressurised to 5 kg. cm 
to force the sample into the cell. The water volume was 
reduced to approximately 50cm^ and dialysed with double­
distilled water in the cell to remove inorganic salts 
(negative A g N O g  test). The d e s a l t e d  s o l u t i o n  w a s  
subsequently reduced in bulk to less than half volume. 
The system was then depressurised. The pressure was 
relieved slowly to prevent foaming and formation of 
bubbles within the liquid from outgassing nitrogen. The
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cel l  w a s  left s t i r r i n g  for t h i r t y  m i n u t e s  after  
d e p r e s s u r i s a t i o n  t o  r e d i s p e r s e  a n y  
concentration/polarisation at the m e m b r a n e  surface 
(Maurer, 1971). The contents of the cell were then 
transferred, using a soft-tipped syringe to prevent damage 
to the membrane, to a 25cm^ volumetric flask. The cell 
was rinsed with double-distilled water and the washing 
plus concentrate diluted to volume. All extractions were 
carried out at 5°C. The concentrates were stored frozen 
until required. One concentrated sample was lyophilized.
A range of m e m b r a n e s  are available for the 402 cell. 
These are shown together with their nominal molecular 
weight cut-offs, the pressures used and approximate flow 
rates obtained in table 2.2. These membranes were used to 
fractionate into molecular weight bands samples of XAD-2 
e x t r a c t e d  h u m i c  m a t e r i a l  ( S e c t i o n  2.3.1.), an 
u l t r a f i l t r a t i o n  c o n c e n t r a t e  ( t h i s  S e c t i o n )  a n d  
chloroform emulsion extracted material (Section 2.3.3). 
The method used is described in Section 2.3.1.
Samples of lyophilised ultrafiltration extracts ^5,000 
molecular weight (YM5 membrane) and 500 - 1000 (UM05
membrane after extraction with a UM2 membrane) were also 
obtained.
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2.3.3. Chloroform emulsion extraction.
The method used was based on that of Khaylov (1968). 
F i l t e r e d  s e a w a t e r  ( Section 2.2), w i t h  a t r a c e  of 
chloroform as preservative, was used in the extraction 
process. To 1.5 litres of seawater was added 200 cm^ of 
chloroform in a separating funnel with a PTFE tap to avoid 
contamination with stopcock grease. The mixture was 
shaken thoroughly for five minutes.
After separation of the two liquid layers the chloroform 
layer, together with the interfacial emulsion, was 
removed. The extracted water was discarded and replaced 
with a further 1.5 litres of seawater. The procedure was 
repeated until a total volume of 2 0  litres had been 
processed. After processing twenty litres the stable, 
emulsion obtained was centrifuged (15 minutes; 3,000xg.) 
to separate the liquid layers. A pellet of extracted 
material was obtained between the water and chloroform 
layers. 100 - 1501. of water were normally processed and 
the extracted material from each 201. batch pooled. The 
material was then washed with double-distilled water to 
remove inorganic salts and dried under vacuum over 
phosphorus pentoxide in a vacuum dessicator. Lipid 
material (chloroform soluble material) may be recovered by 
evaporation of the chloroform phase.
The r e s u l t i n g  e m u l s i o n  e x t r a c t e d  s o lid w a s  th e n
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redissolved in pH 12.6 ammonium hydroxide solution (100 
cm^), freshly prepared by dissolving a m m o n i a  solution 
(A.R.) in double-distilled water. Any particulates 
remaining were centrifuged (15 minutes? 3,000xg.), 
redispersed in a further batch of ammonium hydroxide and 
treated as before. The ammonium hydroxide solutions were 
pooled, reduced in bulk by vacuum rotary evaporation 
(35°C) to approximately 25cm^ and then lyophilized. The 
effect of acidification prior to lyophilization was 
examined. A scheme for the extraction procedure is shown 
in figure 2.4.
The relative proportions of acid (0.01M HC1) soluble and 
insoluble material for some extracts were determined.
Two twenty litre batches of water were extracted with two 
successive volumes of chloroform to examine the efficiency 
of the extraction procedure.
The molecular weight distributon of one extract was 
determined using the Amicon 402 ultrafiltration cell with 
the m e m b r a n e s  shown in table 2.2. The method used is 
described in section 2.3.1.
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Figure 2.4. Scheme for CHCI3 emulsion extraction
Extract 1.5 1 seawater 
with 200cm^ CHClo for 5 mins.
1
Allow emulsion to break
1
Separate aqueous and CHCI 3  phases, 
Discard aqueous phase
repeat extraction (using CHCI 3  from above) 
to total volume of 2 0 1 .
\l/
Centrifuge emulsion formed (15 mins, 3,000xg) 
yields aqueous, CHCI 3  and interfacial layers
Separate phases
Wash interfacial material Evaporate CHCI 3
with double distilled water to recover lipid
(to remove salt) material
v
Dry (room temperature) over 
P 2 O 5  and under vacuum
Redissolve in NH^OH (pH 12.6), 
concentrate (35°C, rotary evaporator) 
and lyophilize.
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2.3.4. Comparative studies of the extraction procedures.
Although the three previously described extraction  
procedures have been used independently by others to 
isolate materials from various sites throughout the world, 
they have not been applied together for the extraction of 
materials from one site. These comparative studies were 
therefore carried out in an attempt to d e t e r m i n e  any 
relationship between materials extracted by these methods.
(a). The ultrafiltrate from one 18 litre ultrafiltration 
(UM2) extraction was divided into two equal parts. One 
fraction was then extracted using an XAD-2 column (Section 
2.3.1) and the other using the chloroform e m u l s i o n  
technique (Section 2.3.3). The emulsion extract was not 
subsequently redissolved in NH^OH and lyophilized.
(b). Twenty litres of water were collected after passage 
through an XAD-2 column. The pH of the water was adjusted 
to p H 8  and extracted using the chloroform e m u l s i o n  
technique (Section 2.3.3). The solid extracted was not 
redissolved in NH^OH and lyophilized.
(c). Solutions of ultrafiltration (UM2) and c h l o r o f o r m  
emulsion extracts were passed through XAD-2 resin columns. 
50 cm^ of known concentrations of these extracts, in 0.7M 
NaCl at pH2, were successively passed through 25cm3
columns. The resin columns were prepared and the flow
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r ates used as d e s c r i b e d  in S e c t i o n  2.3.1. The 
concentration of the extracts was monitored using the 
phenol-sulphuric acid assay (Section 2.4). The columns  
were washed free of salt and eluted with pH 11.6 NH^OH and 
absolute alcohol (5 bed volumes of each). The eluates 
were treated as described in Section 2.3.1.
(d). Solutions of XAD-2 and ultrafiltration extracts (in 
0.7M NaCl, pH7.6) were extracted using the chlor o f o r m  
emulsion technique (Section 2.3.3). This was performed on 
a smaller scale to that described in Section 2.3.3, using 
10 - 20 cm^ solution with 1 - 2 cm^ chloroform. The 
concentrations of the extracts were measured before and 
after extraction using the phenol-sulphuric acid assay 
(Section 2.4). The presence of an interfacial layer or 
emulsion was also noted.
2.4. Analytical methods used for characterising the 
extracts
Infrared spectra of the DOM extracts were recorded using a 
Perkin Elmer PE557 grating infrared spectrophotometer. 
Lyophilized samples were prepared as potassium bromide 
discs (lmg.sample:lOOmg. K B r ) using a standard I.R. disc 
press at 10 tons for 5 minutes. Lipid extracts were 
prepared as evaporated films, from either c h l o r o f o r m  or 
dichloromethane, on sodium chloride plates. The films 
were dried at 60°C prior to measurement.
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All reagents used were of analytical grade and the water 
was double-distilled from a Fistreem double-distillation 
still. All glassware was cleaned in a hydrochloric-nitric 
acid (50:50) mixture for 16 hours, rinsed thoroughly with 
double-distilled water and dried at 110°C prior to use.
Solutions of the extracts were prepared in either double­
distilled water, 0.7M NaCl or an artificial seawater 
(seven-ion seawater). This artificial seawater was based 
on the f o r m u l a t i o n  of L y m a n  and F l e m i n g (1940) but 
contained only the seven major ions viz:Cl , Na 
Mg^+ , Ca^+ , K+ , HC 0 3 “. (Loek anc  ^ Neihof, 1975).
Ultraviolet-visible spectra of the extracts were recorded, 
using varying concentrations and 1 cm. cuvettes, wit h  a 
Beckman model 24 U.V.-visible recording spectrophotometer.
Carbohydrates were detected using the phenol-sulphuric  
acid assay of Handa (1966) and uronic acids by the method 
of Lynch et al., (1957).
A m i n o-acids were detected, after hydrolysis of the 
extracts, using a ninhydrin method. The method used was a 
modification of that described by Strickland and Parsons 
(1968) and was as follows:-
add 0.5cm^ of 2.5M NaOH to 0.5cm^ of aqueous sample. Mix 
and heat for 2.5 hours at 105°C. Allow to cool to room 
temperature, add 0.5cm^ acetic acid (15%v/v) and mix. Add
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0.5cmJ ninhydrin reagent prepared fresh each day just 
prior to use. This ninhydrin reagent was prepared by 
dissolving 0.2g. ninhydrin and 0.03g. hydrindantin in 
7.5cm^ 2-methoxyethanol and diluted to lOcm^ with acetate 
buffer (4M, pH5.5). The acetate buffer was prepared by 
dissolving 54.4g. sodium acetate trihydrate in 20cm^ of 
water with warming. The mixture was cooled, lOcm^ of 
glacial acetic acid added and then diluted to lOOcm^ with 
water. The ninhydrin-sample mixture was heated at 105°C 
for 15 minutes, cooled to room temperature and 3 c m J 
absolute ethanol (50%v/ v ) added. The procedure was 
carried out in 15cm^ screw-top polypropylene tubes 
(Sterilin). The optical density of the solutions were 
measured at 571nm within 30 minutes of the addition of the 
ethanol. Free amino-acids may also be detected by the 
procedure by omitting the 2.5 hour/105°C hydrolysis step.
The phenol-sulphuric acid and the ninhydrin assays were 
further examined for the quantitative estimation of the 
extracts for use in the adsorption experiments described 
in Chapters 3 and 4. All optical density m e a s u r e m e n t s  
w e r e  m a d e  u s i n g  the B e c k m a n  m o d e l  24 u . v . - v i s i b l e  
spectrophotometer.
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2.5. Results
2.5.1 XAD-2 resin extraction
The volumes of water extracted and the weights of 
materials recovered are shown in table 2.3. The sample 
codes refer to the date of collection of the water 
sample. Samples 29/1/81 - 19/2/81 were subsequently 
p o o l e d  and r e c o d e d  20/3/81. T a b l e  2.4 s h o w s  the 
percentage of humic (0.01M HC1 insoluble) and fulvic 
(0.01M HC1 soluble) acids in each of the above extracts.
TABLE 2 .3  W EIGHTS OF MATERIAL E XT R A CT E D  USING X A D -2  RESIN
SAMPLE
CODE
VOLUME OF 
WATER  
EXTR A CTED (L.)
HUMIC MATERIAL  
(NH4OH SOLUBLE)
ETHANOL SOLUBLE  
MATERIAL
W T.
RECOVERED
(g>
C ONC.  
(MG. L"1)
W T.
RECOVERED
(9>
C ON C.  
(MG. L*1)
2 9 / 1 / 8 1 1 0 0 0 . 0 7 5 0 . 7 5 0 . 0 6 2 0 . 6 2
5 / 2 / 8 1 1 0 0 0 . 0 8 6 0 . 8 6 0 . 0 7 4 0 . 7 4
1 9 / 2 / 8 1 1 4 0 0 . 1 3 4 0 . 9 6 0 .1  19 0 . 8 4
1 8 / 6 / 8 1 1 2 7 0 . 0 6 2 0 . 4 9 0 . 0 6 3 0 . 5 0
1 0 / 2 / 8 2 1 0 6 0 . 0 5 3 0 . 5 0 0 . 0 5 8 0 . 5 5
TABLE 2 .4  PERCENT HUMIC AND FULVIC ACIDS FOR X A D -2  E XT R A C T S
SAMPLE % HUMIC ACID % FULVIC  ACID
2 0 / 3 / 8 1 8 .0 9 2 . 0
1 8 / 6 / 8 1 5 0 . 9 4 9 .1
1 0 / 2 / 8 2 3 .7 9 6 .3
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The infrared spectra of the unfractionated humic material, 
and the humic and fulvic acid fractions for sample 20/3/81 
are shown in figures 2.5A, B, and C respectively.
Figure 2.5A  I.R. Spectrum of XAD humic material (unfractionated)
0)ocro
KBr disc
3500 6002500   1600
WAVENUMBER (CM'1)
2000 120030004000
Fiaure2.5B I.R. Spectrum of XAD humic acid fraction
KBr disc
600o 2000 ,80° 1600
WAVENUMBER (CM'’)
120030004000
Fiqure2.5C I.R. Spectrum of XAD fulvic acid fraction
ou
KBr disc
0 2000 'aco 1600 
WAVENUMBER (CM”)
3000 6001200
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All the other samples exhibited similar spectra. The 
b r o a d  a b s o r p t i o n  b a n d s  s u g g e s t e d  m i x t u r e s  of 
polyfunctional organic molecules, with possibly inter and 
intramolecular hydrogen bonding. The humic acid spectrum 
(figure 2.5B) showed similarities to previously published 
spectra for freshwater and marine sedimentary humic acids 
(Hatcher, 1980) and some possible assignments of the 
absorption bands are as follows:-
3400 cm " 1  -NH, -OH stretch
2920 cm " 1  aliphatic -CH stretch
1710 cm " 1  -C=0 stretch
1650 cm " 1  Amide I, C=0 of acid,
ketone and/or quinone 
1530 cm " 1  Amide II
1350-1450 cm " 1  -CH bend
1080 cm " 1  C-0 stretch of carbohydrates
and ethers
The presence of the amide I and II bands suggested some 
possible proteinaceous character for this material.
The fulvic acid spectrum (figure 2.5C) exhibited a great 
similarity to that of Stuermer (1975) with the exception 
of the absence of the 1560 c m " 1  band. The presence of 
ammonium ions (incorporated from the eluting solvent) was 
suggested by the strong absorption bands at 3100 c m " 1  and 
1400 c m *” 1  and this was confirmed by (i) evolution of 
ammonia by dissolution of the material in 0.1M NaOH and
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(ii) the disappearance of these bands after passage of the 
material through a cation exchange resin column: Dowex 50, 
200 - 400 mesh in the acid-form (Stevenson and Goh, 1971; 
Hatcher et al.y 1980b) i.e. conversion of the fulvic acid 
from salt to acid form. The material obtained gave the 
infrared spetrum shown in figure 2 .6 .
Fjqure2.6 l.R. Spectrum of fulvic acid -  acid form
O  6 0 -
KBr disc
3500 3000 2500 2000
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6001600 
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12004000
3400cm - 1
The spectrum suggested the presence of carboxylic and
hydroxyl functions in the material and it exhibited
s i m i l a r i t i e s  to p r e v i o u s l y  p u b l i s h e d  s p e c t r a  for 
freshwater and marine sedimentary fulvic acids (Hatcher, 
1980). Some possible assignments of the absorption bands 
are as follows:-
-NH, -OH stretch 
aliphatic -CH stretch 
-C=0 stretch 
Amide I, C=0 of acid,
ketone and/or quinone 
1300-1200cm”1 -OH bend
1 1 0 0 - 1 0 0 0 cm~l £_o stretch of carbohydrates
and ethers.
2960cm - 1
1720cm - 1
1640cm -1
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A difference between the fulvic and humic acid spectra in 
the 1750-1600 cm”1- region was observed. The fulvic acid 
spectrum showed a strong band at 1720 cm“^ with a side­
band at 1640 cm”-*- whereas in the humic acid spectrum the 
1650 cm ” 1  band was the more dominant.
Sugars were shown to be present in both humic and fulvic 
acids using the phenol-sulphuric acid assay and this was 
consistent with the presence of the 1 1 0 0 - 1 0 0 0  c m ” 1  bands 
in their respective i.r. spectra. Uronic acids were also 
present in both materials as shown by the carbazole- 
s u l p h u r i c  acid a s s a y  of L y n c h  e t a l . , (1957). T h e
ninhydrin reaction, after hydrolysis of the extracts, 
showed the presence of amino-acids in both materials.
The U.V.-visible spectra of the humic and fulvic acids (in 
distilled water) exhibited a progressive increase in 
optical density with decreasing wavelength (700-200 nm) 
with no absorption peaks. This was consistent with 
previously published data for both types of m a t e r i a l  
(Stuermer, 1975; Desai, 1980).
The i.r. spectrum of an ethanol soluble extract is shown, 
as an evaporated film, in figure 2.7. All other ethanol 
extracts exhibited similar spectra. The broad nature of 
the spectrum, possibly arising from the heterogeneity of 
the sample, indicates the presence of hydroxyl and 
carboxyl functions in the material together with a highly
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alphatic character. The ready solubility of this material 
in chloroform suggested it to be lipid in nature. The
i.r. spectrum of chloroform-soluble material from an 
ethanol extract (figure 2 .8 ) shows a great similarity to 
the spectrum of the original extract(figure 2.7).
Figure2 .7  I.R. Spectrum of XAD ethanol extract
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FIGURE 2 .8  I.R. SPECTRUM OF AN XAD ETHANOL E X T R A C T -C H L O R O F O R M  SOLUBLE MATERIAL
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Figure 2.9 shows the i.r. spectrum of a lipid extract 
from the NH 4 OH elution and this is also very similar to 
that shown in figure 2.7. The u.v.-visible spectra of 
ethanol extracts (in 95% ethanol) showed a progressive 
increase in optical density with decreasing wavelength  
(700-210 nm) with no absorption peaks.
The molecular size distribution of the unfractionated 
sample 20/3/81 (figure 2.10) shows a general increase in 
amount with decreasing molecular size.
FIGURE 2 . 1 0  MOLECULAR SIZE OIT RIBUTION OF X A D -2  
HUMIC MATERIAL (SAMPLE 2 0 / 3 / 8 1 )
50-i
40-
30-
20-
1 0-
% OF E X T R A C T
SIZE RANGE:
X M3 0 0 :^ 3  0 0 , 0  0 0  
XM 1 0 0 : 1 0 0 , 0 0 0 - 3  0 0 , 0 0 0  
X M 5 0 r 5 0 , 0 0 0 - 1 0 0 , 0 0 0  
YM 1 0 : 1 0 , 0 0 0 - 5 0 , 0 0 0  
Y M 5 7 5 ,0 0 0 - 1 0 , 0 0 0  
UM2 ' . 1 , 0 0 0 - 5 , 0 0 0  
U M05J 5 0 0 - 1 , 0 0 0  
< U M 0 5 *  < 5 0 0
/HR XM Y M 10 YM5 UM2 U M 0 5  <UM 
3 0 0  1 0 0  5 0  0 5
ULTRAFILTRATION MEMBRANE
Table 2.5 shows the fractionation into humic and fulvic 
acids for the various molecular size bands. Although 
insufficient material was recoveed for the ^300,000 ,
100,000-300,000 and 500-1,000 fractions to enable their 
humic and fulvic contents to be determined , the results 
suggest an increase in humic content with increasing
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molecular size.
TABLE 2 .5  H U M IC -F U L V IC  ACID FR A CTIO NATIO N  OF THE M O L E CU L A R -S IZE  
BANDS OF X A D -2  HUMIC MATERIAL
MOLECULAR SIZE  
RANGE
%HUMIC ACID %FULVIC ACID
£ 3 0 0 , 0 0 0 IN S U FFIC IEN T MATERIAL RECOVERED
1 0 0 , 0 0 0 - 3 0 0 , 0 0 0 INSUFFICIENT MATERIAL RECOVERED
5 0 , 0 0 0 - 1 0 0 , 0 0 0 2 0 8 0
1 0 , 0 0 0 - 5 0 , 0 0 0 2 98
5 , 0 0 0 - 1  0 , 0 0 0 SLIGHT TRACE - 1 0 0
1 , 0 0 0 - 5 , 0 0 0 SLIGHT TRACE - 1 0 0
5 0 0 - 1 , 0 0 0 IN SUFFIC IEN T MATERIAL RECOVERED
< 5 0 0 0 1 0 0
A small amount of material was obtained by the elution of 
a clean column with NH 4 OH. However, this represented less 
than 1% of the lowest amount (0.053g, sample 10/2/82) of 
recovered humic material. No dichloromethane or alcohol 
soluble material was found.
Elution of a column with pH 12.6 NH 4 OH after the pH 11.6 
elution allowed the recovery of a further amount of 
material which was subsequently fractionated into humic 
and fulvic acids (table 2 .6 ).
TABLE 2 .6  MATERIALS RECOVERED FROM X A D -2  BY ELUTION W ITH pH 1 1 .6  
AND 1 2 .6  NH , OH (SAMPLE 1 9 / 2 / 8 2 )
ELUTION
P H
CONC.
(MG. L'* 
SEAW ATER)
% HUMIC ACID % FULVIC ACID
1 1 .6 0 .5 3 .7 9 6 .3
1 2 .6 0 .3 2 6 .2 7 3 . 8
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These results suggest an increased recovery of humic acid 
may be obtained with increased elution pH. Lipid material 
(CH2 CI 2  soluble) was found for both elution pH values.
Both N H 4 OH (pH 11.6) and ethanol soluble materials were 
recovered from material adsorbed onto XAD-2 at the natural 
pH of s e a w a t e r .  The w e i g h t s  r e c o v e r e d  and their  
respective seawater concentrations are shown below:- 
NH^OH soluble - 0.031g. recovered (0.28 mg. I”1)
Ethanol soluble - 0.029g. recovered (0.27 mg. I”-1-)
Infrared spectra of these materials are shown in figures 
2.11 and 2.12 respectively.
FIGURE 2 .1  1 I.R. SPECTRUM OF NH..OH SOLUBLE MATERIAL FROM ADSO RPTION ON XAD 
AT THE NATURAL pH OF SEAW ATER
20-
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FIGURE 2 . 1 2  I.R. SPECTRUM OF ETHANOL SOLUBLE MATERIAL FROM A D SO RPTION  ON XAD  
AT THE NATURAL PH OF SEAWATER
20-
KBr DISC
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The spectrum for the ethanol extract exhibited a great 
similarity with that for material obtained from pH2 
adsorption (figure 2.7), and that for the NH^OH soluble 
material similarities to both the humic and fulvic acid 
s p e c t r a  (figures 2.5B and C r e s p e c t i v e l y ) .  The 
predominance of the 1650 cm--*- band (figure 2.11) suggests 
a more humic acid character for the NH^OH soluble material 
whilst the presence of the 3100 and 1400 c m - -*- (NH^+ and 
C O O - ) bands suggest the presence of fulvic acids (c.f. 
figures 2.5C and 2.6 for pH2 XAD-2 extracted fulvic 
acids).
2.5.2. Ultrafiltration extracts
The infrared spectrum of the lyophilised UM2 (^.1000
molecular weight) extract 28/1/81(figure 2.13) shows some
similarities to the spectra of humic and fulvic acids
isolated using XAD-2 resin (c.f. figures 2.5B and 2.6). 
Figure 2.13 I.R. Spectrum of U M 2 (^ 0 0 0 mw*) extract
KBr disc
1000 80014004000 3000 2500 2000 1800 1600 
WAVENUMBER (CM'1)
1200 600
- 1The predominance of the 1640 cm ^ band may p o ssibly  
indicate a more humic acid character for this m a t e r i a l
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although the broad nature of the bands, in the region 1720 
- 1500 c m ” -*-, m a k e s  i d e n t i f i c a t i o n  d i f f i c u l t .  The 
broadness of the bands probably results from the material 
being a mixture of polyfunctional organic molecules. Some 
possible assigments of the absorption bands are as 
follows:-
3400cm"1 -NH, -OH stretch
2920cm"1 aliphatic -CH stretch
1720cm"1 -C=0 stretch
1640/1550cm"1 Amide I and II, C=0 of acid,
ketone and/or quinone 
1400cm"1 CH bend, carboxylate ion
1150-llOOcm"1 C-0 stretch of carbohydrates
and ethers
Carbohydrates, uronic acids and amino-acids were all shown 
to be present in this material. The u.v.-visible spectrum 
(700-200nm; distilled water solution) showed no individual 
absorption peaks but a progressive increase in optical
density with decreasing wavelength, indicating a possible
humic character, although absorption peaks may be masked 
by the polyfunctionality of the material.
The i.r. spectra of material ^5000 mwt. and between 1000- 
500 mwt. are shown in figures 2.14 and 2.15, and are from 
water collected on 1/12/80 and 17/8/81 respectively. A 
great similarity to the spectrum of XAD-2 isolated humic 
acid (figure 2.5B) was shown for these spectra but with 
more dominant 1650 and 1550 c m " 1  bands.
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Figure 2.15 I.R. Spectrum of U M 05(1000-500m w t) extract
Some possible assignments are shown below;-
3400cm - 1
2920cm - 1
1720cm
1650cm
- 1
o  6 0 -
KBr disc
6003500 3000 2500 2000
WAVENUMBER (CM'1)
1600 
•V
12004000
- 1
1550cm - 1
1400cm - 1
1250cm - 1
1 2 0 0 - 1 0 0 0 cm - 1
-NH, -OH stretch 
aliphatic -CH stretch 
-C=0 stretch
Amide I, C=0 of acid, ketone 
and/or quinone.
Amide II
CH bend, carboxylate ion 
OH bend
C-0 stretch of carbohydrates 
and ethers
These materials were shown to contain carbohydrates, 
uronic acids and amino-acids, and a continual increase in 
optical density with decreasing wavelength was observed 
for their u.v.-visible absorption spectra (700-200nm,
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distilled water solution).
2 1 mg (lyophilised weight) of material was recovered for 
the UM2 extract 28/1/81, i.e. a seawater concentration of
1 . 2  mg 1  and a 1  mg ml ” 1  solution of this extract gave 
a glucose equivalence (using the phenol-sulphuric acid 
assay, Section 2.4) of 83.8 pg ml”1. Table 2.7 shows the 
glucose equivalents for the other UM2 extracts obtained, 
together with their respective calculated seawater 
concentrations based on the analysis of the extract 
28/1/81. The actual concentrations of each were not 
determined since the materials were retained in solution 
after extraction. The sample codes refer to the date of 
collection of the water sample.
TABLE 2 .7  C ONC EN TR ATION S OF UM2 EXTRACTS
SAMPLE
CODE
ANALYSED CONC.  
U ig .  GLUCOSE ML'1) 
IN THE CONCENTRATE
CALCULATED CONC.  
MG. E XT R A CT ML’1
CALCULATED C ON C .  
IN SEAWATER MG.. L'1
2 6 / 5 / 8 1 1 9 4 . 6 2.3 3 . 2
1 8 / 6 / 8 1 1 8 5 . 4 2 . 2 3.1
1 7 / 8 / 8 1 2 0 7 . 6 2 . 5 3 . 5
1 5 / 1 0 / 8 1 1 0 8 . 9 1.3 1.8
2 / 1 2 / 8 1 1 3 6 . 8 1.6 2 . 2
1 0 / 2 / 8 2 8 1 . 9 1.0 1.4
12 / 3 /  8 2 9 7 . 5 1.2 1.7
2 6 / 4 / 8 2 1 6 8 . 6 2 . 0 2 . 8
CALCULATED CONCS. FROM ANALYSIS OF LYOPHIL ISED EXTR ACT 2 8 / 1 / 8  1
The m o l e c u l a r  size d i s t r i b u t i o n  (figure 2.16), as 
determined using the ultfiltration system for s a m p l e 
26/4/82, s h o w s  that the m a j o r i t y  of this e x t r a c t
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consisted of material ^300,000 (63.5%) and between 5,000
and 1,000 (25%) mwt. The infrared spectrum of the major 
fraction,i.e.^.300,000, (figure 2.17) exhibits a similarity 
to the spectrum for the lyophilised UM2 (^1000) extract 
28/1/81 (figure 2.13) with the exception of a more 
dominant band at 1130 c m ”-*-.
FIGURE 2 .1 6  MOLECULAR SIZE DISTRIBUTION OF A UM2 EXTRACT  
(SAMPLE 2 6 / 4 / 8 2 )
100-1
9 0 -
8 0 -
70-
% OF EXTRACT
60-
50-
4 0 -
30-
20-
1 0-
SIZE RANGE:
X M 3 0 0 ^ 3 0 0 , 0 0 0  
XM 1 0 0  1 0 0 , 0 0 0 - 3 0 0 , 0 0 0  
X M 50  5 0 , 0 0 0 - 1 0 0 , 0 0 0  
YM 10  1 0 , 0 0 0 - 5 0 , 0 0 0  
YM5 5 , 0 0 0 - 1 0 , 0 0 0  
UM2 1 , 0 0 0 - 5 , 0 0 0
ULTRAFILTRATION  
MEMBRANE
FIGURE 2 .1 7  I.R. SPECTRUM OF A UM2 EXTRACT: ?.30Q,0 0 0  M W T. FRACTION
O e0~
KBr DISC
1200 1000 6003500 3000 2500 2000 1800 1600 
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2.5.3. Chloroform emulsion extraction
The volumes of water extracted and concentrations of 
recovered materials are shown in table 2 .8 .
TABLE 2 .8  VOLUMES OF WATER AND CONCENTRATIONS OF MATERIAL E XTRACTED  
USING THE C HC Li -  EMULSION TECHNIQUE
SAMPLE
CODE
VOLUME E XTRACTED(L) CONC. IN SEAW ATER(MG. L"')
1 9 / 2 / 8 1 VARIOUS VOLUMES  
BETWEEN 2 0 - 2 0 0
0 . 8 7 - 0 . 2 2
1 1 / 1 2 / 8 1 1 0 0 0 .4
1 6 / 2 / 8 2 1 1 1 0 . 3 5
7 / 4 / 8 2 3 2 7 0 .6
Sample 19/2/81 represented a pooled sample of m a t e r i a l  
extracted from water collected between 11/8/80 and 
12/1/81. All other sample codes refer to the date of 
collection of the water sample. The infrared spectrum of 
a dried extract (before dissolution in NH^OH)(figure 2.18) 
exhibits a great similarity to the XAD-2 h u mic acid 
spectrum (figure 2.5B) with the following a b sorption  
bands:- 3300-3400, 2910, 1720, 1650, 1540, 1450-1400 and 
1100-1000 cm"-*-. Dissolution in NH^OH gave material having 
the i.r. spectrum shown in figure 2.19 and this material 
may be fractionated into acid (0.01M HC1) soluble and 
insoluble materials which gave the spectra s hown in 
figures 2.20 and 2.21 respectively. These spectra are of 
material from the pooled sample 19/2/81 and all the other 
extracts gave similar spectra.
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FIGURE 2 .1 9  I.R. SPECTRUM OF NH, OH SOLUBLE MATERIAL FROM A C HCL. -EM ULSIO N  E XTRACT
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FIGURE 2 .2 0  I.R. SPECTRUM OF NH- OH SOLUBLE EMULSION E XTRACT:  
ACID SOLUBLE MATERIAL
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FIGURE 2 .2 1  I.R. SPECTRUM OF NH,OH SOLUBLE EMULSION E XTRACT:  
ACID INSOLUBLE MATERIAL
o
KBr DISC
o 2000 “’00 1600
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Acidification of the NH^OH soluble material to pH2 (0.1M 
HC1) prior to lyophilisation caused a slight precipitation 
of material but the i.r. spectrum of the resultant 
material was identical to that shown in figure 2.19.
The solubility in alkali (Section 2.1.3) and the infrared 
spectra in figures 2.18 and 2.19 (c.f. Hatcher, 1980) are 
consistent with a humic character for the emulsion- 
extracted material. The bands at 3100 and 1400 cm'-'- in 
figure 2.19 probably arise from incorporation of ammonia 
(c.f. figures 2.5C and 2.6 for XAD isolated material) from 
the solvent. The acid soluble material would thus 
repesent fulvic acids and the acid insoluble material 
humic acids. The strong nature of the 1650 and 1540 cm'^ 
i.r. absorption bands (figures 2.18 and 2.19) indicated a 
predominance of humic acids in the material (c.f. figures 
2.5A, B and C for XAD-2 humic and fulvic acids) and this 
was consistent with the large proportion of acid insoluble 
material (76.5%) in this sample. Another sample (16/2/82) 
similarly showed a large proportion (78.5%) of acid 
insoluble material. The i.r. spectrum of the acid soluble 
material (figure 2 .2 0 ) exhibited similarities to h umic  
acid spectra in the 1750-1500 cm--'- region in contrast to 
the acid-soluble fulvic acids isolated using XAD-2 resin.
Carbohydrates, uronic acids and amino-acids were found in 
the NH^OH soluble material and the u.v.-visible spectrum 
(700-200nm, distilled water solution) showed a continual
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increase in optical density with decreasing wavelength. 
Uronic acids were shown to be present in both the acid 
soluble and insoluble fractions of this material.
Some alkali (NH^OH, pH 12.6) insoluble material was found 
for each of the extracts. This was, however, indicated to 
be only a small proportion of the total extracted material 
by examination of sample 7/4/82, for which the insoluble 
material constituted 12% of the total. The infrared 
spectrum of this insoluble material (figure 2 .2 2 ) exhibits 
a similarity to the alkali-soluble humic acid fraction 
(figure 2 .2 1 ), but with possibly a slight increased 
aliphatic character ( an increased absorbance in the 
aliphatic CH stretching region, 2900-3000 c m ”^).
FIGURE 2 .2 2  I.R. SPECTRUM OF AN EMULSION EXT R A CT tN H . OH INSOLUBLE MATERIAL
O  60-
1200 1000 6003500 MOO3000 2500 2000
WAVENUMBER (CM'r
16004000
Successive extractions of 201. batches of water showed 
that further material may be recovered by a second 
e x t r a c t i o n .  T h i s  c o n s t i t u t e d  28% of the m a t e r i a l  
recovered by the first extraction.
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The molecular size distribution for one extract (16/2/82, 
NH^OH soluble material) (figure 2.23) shows that the 
majority (84.5%) of this material was in the size range 
^300,000.The i.r. spectrum of this fraction (figure 2.24) 
correlates well with that of the NH^OH/acid-insoluble  
material (figure 2.21) and also the UM2 fraction ^300,000 
(figure 2.17), although the 1650 and 1540 cm“ -^ bands are 
more defined for the emulsion extract.
FIGURE 2 . 2 3  MOLECULAR SIZE DISTRIBUTION OF AN EMULSION  
EXTRACTtSAMPLE 1 6 / 2 / 8 2 )
100- ,% 0 F  e x t r a c t
90-
80-
70
60
50-
40-
30-
2 0 -
1 0 -
SIZE RANGE:
X M 3 0 0  ^ 3 0 0 , 0 0 0  
XM 1 0 0  1 0 0 , 0 0 0 - 3 0 0 , 0 0 0  
X M 5 0  5 0 , 0 0 0 - 1 0 0 , 0 0 0  
Y M 1 0  1 0 , 0 0 0 - 5 0 , 0 0 0  
YM5 5 , 0 0 0 - 1 0 , 0 0 0  
UM2 1 , 0 0 0  - 5 , 0 0 0  
U M 0 5  5 0 0 - 1 , 0 0 0
XM XM XM Y M 10 Y M5  UM2 U M0 5
3 0 0  1 0 0  5 0
ULTRAFILTRATION MEMBRANE
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FIGURE 2 . 2 4  I.R. SPECTRUM OF AN EMULSION E X T R A C T : ^ 0 0 . 0 0 0  M W T. FRACTION
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The i.r. spectrum of chloroform-soluble (lipid) material 
(figure 2.25) exhibits some similarity to the XAD 
extracted lipid materials (figures 2 . 8  and 2 .9 )
FIGURE 2 .2 5  I.R. SPECTRUM OF CHCL-, SOLUBLE MATERIAL:EMULSION EXTRACTION
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2.5.4. Comparative studies of the extraction procedures
(a) XAD-2 resin and chloroform emulsion extraction of 
water subsequent to ultrafiltration (UM2, sample 28/1/81) 
showed the presence of materials extractable by both these 
techniques. The XAD-2 resin extraction gave an NH^OH- 
soluble’fraction equivalent to 0.96 mg. 1“^ seawater and 
an ethanol-soluble traction of 1.14 mg. I-*- seawater. The
NH^OH-soluble fraction was shown to contain 67.3% acid 
(0.01M HC1) soluble and 32.7% acid insoluble material, 
together with some lipid (dichloromethane soluble) 
material. Although the water samples were collected at a 
slightly different time, a comparison with bulk XAD-2 
extracts for this time-period (table 2.3: sample 29/1/81?
NH^OH-soluble material 0.75 mg. 1”^ and ethanol-soluble 
material 0.62 mg. 1 ” )^ suggests that a major fraction of 
material recoverable from XAD-2 resin has a molecular 
weight below 1 0 0 0  as determined by ultrafiltration.
The chloroform emulsion extracted material represented a 
c o n c e n t r a t i o n  in s e a w a t e r  of 0.3 mg. I ” -*-. It w a s  
difficult to make a comparison with the total e m u l s i o n  
extractable material since this was variable for this 
period (table 2 .8 ).
The i.r. spectra of these materials were very similar to 
those of materials from bulk extractions. If the XAD-2 
NH^OH-soluble material represented all the humic material 
less than 1 0 0 0  mwt. and assuming the emul s i o n  extract 
r e p r e s e n t e d  its s u r f a c e - a c t i v e  f r a c t i o n  t h e n  the 
percentage surface-active material was 31.2%.
(b) Extractiori at pH2 w i t h  X AD-2 r e s i n  p r i o r  to' 
chloroform emulsion extraction reduced the a m o u n t  of 
emulsion extractable material by 85%.
(c) Successive passage of UM2 (samples 17/8/81 and 
2/12/81) or CHCl^-emulsion (sample 11/12/81) extract 
solutions at pH2, through XAD-2 columns resulted in all 
the material being adsorbed as shown using the phenol- 
sulphuric acid assay. The solutions required 3-4 passes 
through the columns before total adsorption was achieved 
probably as a result of the high concentrations used which 
represented approximately 70 (UM2) and 500 (emulsion 
extract) times their concentrations in seawater. All 
samples showed reasonably high losses due to adsorption on 
the first passage, viz: 77, 61 and 65% reduction in amount 
for the UM2 samples (17/8/81 and 2/12/81) and the emulsion 
extract respectively.
Attempts to recover adsorbed material using pH 11.6 NH^OH 
elution (Section 2.3.1) resulted in low recoveries (21- 
26%) of the total amount adsorbed. No d i c h l o r o m e t h a n e  
soluble material was found in the NH^OH eluates and no 
ethanol elutable material was found for any of the 
extracts.
(d) Extraction of solutions (0.1 mg ml”-*-) of XAD-2 humic 
and fulvic acids (samples 20/3/81) and a UM2 extract 
(sample 28/1/81) with chloroform produced an interfacial 
layer for all samples although no stable emulsions were 
formed. The changes in concentrations obtained by 
chloroform extraction (table 2.9) indicated that emulsion
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extractable material probably represented only a fraction 
of each extract,
TABLE2 .9  EMULSION E XTRACTION OF FULVIC ACID ,HUMIC ACID AND UM2 EXTRACTS
SAMPLE
CHANGE IN CONC.  
( INITIAL-FINAL)
i lG.  GLUCOSE MLh
% OF INITIAL CONC.
UM2 0 . 2 7 2 4
HUMIC ACID 0 . 2 2 21
FULVIC ACID 0 . 1 7 3 0
This is further d e m o n s t r a t e d  in f i g u r e  2.26 w h i c h  
indicates the concentration (as glucose equivalents) of a 
UM2 extract (sample 10/2/82) for successive extractions 
with chloroform.
FIGURE 2 .2 6  CHLOROFORM-EMULSION EXTRACTION OF A UM2 EXTRACT  
(SAMPLE 1 0 / 2 / 8 2 )
Z U l  CONC ENT RATI ON
V  UiG. GLUCOSE MU')
15-
10 J
Extraction number
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Extraction of a solution of the UM05 (1000-500) extract 
(Section 2.5.2) produced a very stable emulsion indicating 
the presence of a high proportion of surface-active 
material in this sample.
*
2.5.5. Quantitative analysis of the extracts
Some elemental analyses were carried out by the.B.P. 
Research Centre at Sunbury-on-Thames using a standard 
C,H,N analyser. However, the quantities of materials  
available precluded any definite conclusions.The extracts 
appeared to be composed predominately of carbon and oxygen 
with lower levels of hydrogen and nitrogen. Low levels of 
sulphur were also present in some samples.
It has been shown qualitatively (Sections 2.5.1 - 2.5.3) 
that carbohydrates and amino-acids were present in the 
extracts using the p h e n o l - H 2 SO^ and ninhydrin analyses 
respectively. Consequently these analyses were evaluated 
for the quantitative estimation of the extracts for use in 
the subsequent adsorption experiments (Chapters 3 and 4).
The ninhydrin analysis developed in this study could be 
used for the estimation of amino-acids and proteins in 
distilled water and figures 2.27A and B show calibration 
graphs for L-leucine and Bovine Serum A l b u m i n  (B.S.A.) 
respectively.
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FIGURE 2 . 2 7 A L-LEUCINE CALIBRATION GRAPH -  NINHYDRIN ANALYSIS
0 .4 7 5
OPTICAL DENSITY(57 1NM)
0.4-
0.3 -
0.2-
CONCENTRATION(MG. MIT1) 
"o?040.020.01
FIGURE 2 .2 7 B  B.S.A. CALIBRATION GRAPH -  NINHYDRIN ANALYSIS
0 .8-1
OPTICAL DENSITY(57 1 NM)
0.7-
0.6-
0.5-
0 .4 -
0.3 -
0 .2-
0 . 1-
CONCENTRATION(M G. ML'1)
The initial hydrolysis step was omitted for the amino-acid 
estimation. Each point was the average of duplicate  
analyses and the error in the analysis was ±Q%. This 
analysis could not be used with the artificial seawater, 
since the high pH of the initial hydrolysis step with 2.5M
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NaOH caused precipitation of salts from the solvent thus 
interfering with the analysis. The analysis was used, 
however, to estimate the proteinaceous content (compared 
with a B.S.A. analysis) of some of the extracts as 0.1 
mg.ml~l solutions in distilled water (table 2 .1 0 ).
TABLE 2 .1 0  NINHYDRIN ANALYSES OF SOME EXTRACTS
SAMPLE AV. O.D.(57 1NM) B.S.A. EQUIVALENTS
B.S.A. 0 .7 2 1
U M 2 ( 2 8 / 1 /  8 1) 0 .1 7 0 .2 4
XAD-2 FULVIC ACID 
( 2 9 / 1 / 8 1 )
0 .0 6 0 .0 8
XAD-2 HUMIC ACID 
( 2 9 / 1 / 8 1 )
0.1 0 .1 4
CHCLj-EMULSION  
( 1 9 / 2 / 8 1 )
0 .1 4 0 .1 9
CONCENTRATION OF ALL SAMPLES 0 .1M G . ML*
All samples showed a low protein content despite dominant 
amide I and II bands for UM2 and CHCl^-emulsion extracts 
(figures 2.13 and 2.19 respectively).
The phenol-sulphuric acid assay has previously been 
developed for the analysis of dissolved carbohydrates in 
seawater and was thus potentially suitable for the 
quantitative estimation of the extracts. Figures 22.8 A 
and B, p l o t t e d  as o p t i c a l  d e n s i t y  (O.D.) v e r s u s  
concentration graphs for an XAD-2 fulvic acid (sample 
1 8 / 6 / 8 1 )  and a C H C l ^ - e m u l s  ion e x t r a c t ( 7 / 4 / 8 2 )  
respectively, show a linear relationship, i.e. the systems
obey the Beer-Lambert law for the concentrations examined.
0.1
0 .05 '
FIGURE 2 .28A  OPTICAL DENSITY VERSUS CONCENTRATION GRAPH 
FOR A FULVIC ACID EXTRACT
OPTICAL DENSITY(490NM)
SAMPLE 1 8 / 6 / 8 1  
7- ION SEAWATER  
PHENOL-HjSO. ANALYSIS
CONCENTRATION(MG. ML'1)
OA ols0.30.2
FIGURE 2 .2 8 8  OPTICAL DENSITY VERSUS CONCENTRATION 
GRAPH FOR A CHCL-, EMULSION EXTRACT
0.1  1-,OPTICAL D E NSITY(490 NM)
0 .1-
0 .0 8 -
/  SAMPLE 7 / 4 / 8 2  
f 0 .7 M  N3CL 
P H EN 0L -H jS O 4 ANALYSIS
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0 .0 4 -
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C O N C E N T R A T I O N f M G .  ML'
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Figure 2.29 also shows a linear relationship between O.D. 
and dilution for a UM2 (sample 12/3/82) extract.
0.095-1 FIGURE 2 .2 9  OPTICAL DENSITY(P.P.) VERSUS DILUTION PLOT FOR A.
UM2 EXTRACT (SAMPLE 1 2 / 3 / 8 2 )  /0 .0 9 -
0 .0 8 -
7- ION SEAWATER 
PHEN0L-H2S 0 4 ANALYSIS0.07 -
0.06-
2
I  0 .0 5 -
Q
O 0 .0 4 -
0 .0 3 -
0.02-
0 .0 1-
DILUTION(ML TO TOTAL 0 F 1 0 M L )
OTT 0.5 0 .7 0 .90.6 0.8
A l l  the o t h e r  e x t r a c t s  s h o w e d  s i m i l a r  l i n e a r  
relationships. All analyses were carried out in duplicate 
and the error in the analysis was ± 6 %.
The exact concentrations of the UM2 concentrates were not 
known (Section 2.5.2) and so to be consistent all extract 
concentrations were subsequently measured as glucose 
equivalents (pg. glucose ml” ^). Figures 2.30A and B show 
a linear relationship for plots of glucose equivalents 
versus concentration (mg. extract ml"-*-) for an XAD-2 
fulvic acid and CHC^-emulsion extract respectively (c.f. 
figures 2.28A and B).
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FIGURE 2.30A PLOT OF GLUCOSE EQUIVALENTS VERSUS CONCENTRATION
FOR AFULVIC ACID EXTRACT
1 5n C O N C E N T R A T IO N S .  GLUCOSE 
EQUIVALENTS ML")
SAMPLE 1 8 / 6 / 8 1  
7-ION SEAWATER 
PHENOL-HiSO* ANALYSIS
1 0 -
CONCENTRATION(MG. ML'1
0 . 50.40 .30.20.1
FIGURE 2 .3 08  PLOT OF GLUCOSE EQUIVALENTS VERSUS
CONCENTRATION FOR A CHCL, EMULSION EXTRACT
CONCENTRATIONCUG.GLUCOSE  
. EQUIVALENTS ML")
1 0 -
6-
4-
SAMPLE 7 / 4 / 8 2  
0 .7 M  N3CL 
PHENOL-HjSO. ANALYSIS3-
C O N C E N T R A T I O N ( M G .  m l " )
0 .0 2  0 .0 6
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The similarity of concentrations, as glucose equivalents, 
of diluted UM2 extracts and the similarity of these 
extracts to those from the emulsion extraction suggested 
linear p l o t s  w o u l d  be o b t a i n e d  for O.D. v e r s u s  
concentration graphs ,for UM2 extracts. O.D. versus 
concentration (as glucose equivalents) graphs for these 
extracts were subsequently shown to be linear.
The yield of XAD-2 extracted humic acid precluded any 
measurements for this material.
Phenol-I^SC^ analyses were carried out on O.lmg.ml- ^ 
solutions of the extracts listed in table 2 . 1 0  to assess 
their carbohydrate content (table 2.11). All extracts 
examined contained a low carbohydrate content.
TABLE 2 .1 1  PHENOL-H, SO, ANALYSES OF SOME EXTRACTS
SAMPLE AV. O .D .(490NM ) GLUCOSE EQUIVALENTS
GLUCOSE 1.03 1
U M 2 ( 2 8 /  1 / 8 1 ) 0 .0 8 6 0 .0 8 3
X AD-2 FULVIC ACID 
( 2 9 / 1 / 8 1 )
0 .0 5 3 0 .0 5 1
X A D -2  HUMIC ACID 
( 2 9 / 1 / 8 1 )
0 .1 0 4 0 .1 0 1
CHCL3-EMULSION
( 1 9 / 2 / 8 1 )
0 .0 6 0 0 .0 5 8
CONCENTRATIONS OF ALL SAMPLES 0 .1  MG ML''
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2.6. Discussion
2.6.1. XAD-2 resin extraction.
Adsorption of organics from aqueous solutions at pH2 onto 
styrene divinylbenzene copolymeric resins has been studied 
by a number of authors and it is generally recognised that 
a d s o r p t i o n  o c c u r s  p r i m a r i l y  t h r o u g h  h y d r o p h o b i c  
interactions (Riley and Taylor, 1969; K e n n e d y ,1973; 
Mantoura and Riley, 1975; Stuermer and Harvey, 1977). 
F u r t h e r m o r e  it h a s  b e e n  s h o w n  t h a t  a p r o t e i n ,  
carbohydrates, amino-acids and phenols were not adsorbed 
at pH 2, whereas humic materials were efficiently removed
from solution under these conditions (Riley and Taylor,
1969; Mantoura and Riley, 1975). XAD-2 resin has, 
therefore, been used to isolate dissolved humic material 
from seawater (Stuermer and Harvey, 1974, 1977; Stuermer, 
1975; Stuermer and Payne, 1976) and the method used in
this p r e s e n t  s t u d y  was b a s e d  on t h e s e  e x t r a c t i o n
procedures, with a modification due to Mantoura and Riley 
(1975).
The modification was a change in the solvent used for 
freeing the resin from impurities prior to packing into 
columns. The main impurities are thought to be benzoic 
and phthalic acids which are formed during prolonged 
storage by depolymerization reactions (Stuermer, 1975; 
Stuermer and Harvey, 1977; Hunter, 1980). Stuermer (1975)
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and Stuermer and Harvey (1977) Soxhlet extracted the 
resin, first with acetonitrile and then several batches of 
benzene, whereas acetone extraction was used by Mantoura 
and Riley (1975). Extraction with acetone was used in 
this present study in order to simplify the resin cleaning 
stage and the low levels of materials eluted from a clean 
column with NH^OH and ethanol confirmed the adequacy of 
this method.
After adsorption of the organics from seawater the salt, 
which Riley and Taylor (1969) suggested was not adsorbed, 
may be readily eluted from the column with distilled 
water. No u.v.-visible absorbance was shown for this 
e l u e n t  ( S t u e r m e r  1975? S t u e r m e r  and H a r v e y ,  1977) 
indicating little or no loss of adsorbed material during 
this procedure. The resultant material recovered from the 
column will thus be salt free.
The adsorbed humic material may be eluted from the column 
with aqueous or alcoholic alkali (Mantoura and Riley, 
1975? Stuermer, 1975? Stuermer and Harvey, 1977). Using 
the scheme of Stuermer (1975) and Stuermer and Harvey 
(1977) elution with pH 11.6 NH^OH was used in this study 
to avoid further desalting of the final isolates, which 
would be required if NaOH were used as the eluting 
solvent. It has previously been shown (Stuermer, 1975? 
Stuermer and Harvey, 1977) that nitrogen was incorporated 
into the extracts from the eluting solvent. The present
study indicated this to be via the formation of ammonium 
salts of the fulvic acids. Despite the existence of 
possible N H ^ + and C O O ” absorption bands in the i.r. 
spectra, together with this incorporation of nitrogen into 
their samples, Stuermer (1975) and Stuermer and Harvey 
(1977) have suggested that dissolution of the fulvic acids 
in 0.01M HC1 yields them in the protonated form. However 
the present study suggested this not to be the case by (i) 
the evolution of NH^ from the fulvic acid when dissolved 
in NaOH solution and (ii) the disappearance of the NH^ + 
and C O O ” i.r. bands after passage of the fulvic acid 
through an ion exchange column (c.f. figures 2.5C and 
2.6). It was not known whether any material was lost by 
adsorption onto the ion exchange column. The humic acid 
spectrum (figure 2.5B) indicated this material to be in 
the protonated form as suggested by the above authors. 
Thus although elution with NH^OH yields the ammonium salts 
of fulvic acids, the use of this solvent instead of NaOH 
avoids extensive desalting of the isolates, for example 
by dialysis which may result in the loss of low molecular 
weight material, or by ion exchange which may result in 
losses due to irreversible adsorption of the extracts 
and/or contamination problems from the ion exchange resin 
(Stuermer and Harvey, 1977).
The i.r. spectra of the resultant humic extracts were 
similar to those of Stuermer (1975) and previ o u s l y  
reported spectra of freshwater and marine s e d i m e n t a r y
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fulvic and humic acids (Hatcher, 1980). The i.r. and 
u . v . - v i s i b l e  s p e c t r a  of u 1 t r a f i 1 t r a t i o n  (UM2) and 
chloroform-emulsion extracts similarly suggested them to 
be humic in character and their ability to adsorb at pH2 
onto XAD-2 resin was consistent with this view. The 
normal elution conditions, pH 11.6 NH^OH, however only 
allowed the recovery of 21-26% of the total amount 
adsorbed. This possibly indicated a high affinity for the 
substrate for these materials. Surface-activity for high 
molecular weight marine sedimentary humic acids has been 
shown together with an increase in hydrophobicity with 
increasing molecular weight (Hayano et a 1., 1982). A
major difference between XAD-2 resin extraction and the 
other two extraction procedures (ultrafiltration and 
chloroform-emulsion extraction), was the molecular weight 
distribution of the extracted materials: ultrafiltration
and chloroform-emulsion extraction tending to recover high 
molecular weight materials (Khaylov, 1968; Maurer, 1971, 
1976; Maurer and Parker, 1972; Ogura, 1974; Wheeler, 1976; 
this present study), whereas the XAD-2 extraction tends to 
allow the recovery of more lower molecular weight material 
(Stuermer and Harvey, 1974; Stuermer 1975; this present 
study). Thus although both high and low molecular weight 
humic materials are adsorbed by XAD-2 under the normal  
extraction conditions (pH2), the possible surface-activity 
and greater hydrophobicity of the higher molecular weight 
material may restrict its recovery using NH^OH (pH 11.6) 
elution. Hence only a fraction of the dissolved h umic
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material may be recovered using XAD-2 resin as indicated 
by Gagosian and Lee (1981). A low recovery of dissolved 
humic acids has been suggested (Stuermer, 1975? Stuermer 
and Harvey, 1977) as evidence for the presence of low 
levels of these materials in the seawater sampled. This 
suggestion was based on the greater molecular weight and 
hydrophobicity of the humic acids in comparison to fulvic 
acids. However as shown above little of the high 
molecular weight material may be recovered from the resin 
thus giving a false indication of the levels of humic 
acids present in the seawater.
Mantoura and Riley (1975) have indicated that better 
recoveries of adsorbed material may be achieved if the 
eluent was allowed to stand in the column overnight. This 
was not investigated in this present study but it may 
result in greater contamination as a result of silicates 
being leached from the glass column by the alkaline 
medium. These authors also showed that further material 
may be eluted by increasing the pH of elution. This was 
shown to be the case in the present study and the eluted 
material contained a greater amount of h umic acid in 
comparison to the pH 11.6 elution (table 2.6). Further 
work is required, however, to establish the applicability 
of this higher elution pH to marine systems.
XAD-2 column efficiences have been determined (Mantoura
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and Riley, 1975; Stuermer, 1975; Stuermer and Harvey, 
1977) but these were based on the adsorption of a low 
molecular weight (2 1 ,1 0 0 ) soil humic acid and the re­
adsorption of eluted marine fulvic acids respectively. 
These may not represent a true marine system since soil 
humics are different to those of marine origin (Section
2.1.3) and, as shown above, some high molecular weight 
material was not recoverable from the XAD-2 columns-. It 
may be better to use a mixture of ultrafiltration (UM2) 
and XAD-2 extracted material which would more nearly 
represent the true humic material distribution in the 
seawater sample. The above authors showed that adsorption 
efficiencies generally >90% were obtained at flow rates 
below 2 bed volumes minute”-*-. Slower flow rates (0.15 - 
0.25 bed vols. m i n ” -*-) were used in the present study to 
e n s u r e  m a x i m u m  a d s o r p t i o n  of d i s s o l v e d  m a t e r i a l .  
Desorption efficiencies (determined by the above authors) 
ranged between 21-95% and desorption of re-adsorbed marine 
fulvic acid was 73% using pH 11.6 NH^OH elution (Stuermer, 
1975; Stuermer and Harvey, 1977). These low recoveries 
may be due to the formation of charge-transfer complexes 
between the resin and adsorbed material (Aiken et al., 
1979) thus hindering elution, and it was suggested that 
better recoveries might be achieved using XAD acrylic 
ester resins (e.g. XAD- 8 ). The usefulness of these resins 
for marine systems has not yet been studied. Mantoura and 
Riley (1975) showed that maximum uptake occurred with a 
column height: diameter ratio of 14:1 and a column having
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this ratio was used in the present study. At ratios 
g r e a t e r  than this t here w a s  a g r a d u a l  d e c l i n e  in 
adsorption efficiency (Mantoura and Riley, 1975) but the 
reasons for this were not clear. The above authors 
further showed that only 2 0 % of the theoretical adsorptive 
capacity of the resin could be utilised. At greater 
loadings than this significant leakage of material* from 
the column occurred. Thus the presence of chloroform-  
emulsion extractable material in water after it had been 
extracted with XAD-2 resin may have resulted from 
saturation of the adsorbent surface resulting in material 
passing through the column. However, it was shown that 
XAD-2 extraction could significantly reduce (by 85%) the 
amount of emulsion-extractable material in the seawater, 
indicating that it was adsorbed under the normal XAD-2 
extraction conditions.
The molecular weight distribution of one XAD extract 
showed it to contain material with weights between <500 
and >300,000 by ultrafiltration. S i m ilarly marine 
sedimentary humic materials have been shown (Section
2.1.3) to have m o l e c u l a r  w e i g h t s  b e t w e e n  <700 and 
>2,000,000. Sedimentary fulvic acid weights ranged 
between <700 and ~10,000 whilst humic acid weights were 
between <700 and >2,000,000. There was an indication of 
increasing humic acid content with increasing molecular 
weight for the dissolved material isolated in the present
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study which was consistent with the above reports for 
sedimentary materials.
The i.r. spectrum of lipid (dichloromethane soluble) 
material from the NH^OH elution of XAD-2 resin (figure 
2.9) suggested the presence of hydroxyl and carboxyl 
groups in this fraction. W i l l i a m s  (1961) and Jeffrey 
(1966) h av e  also i n d i c a t e d  the p r e s e n c e  of t h e s e  
functional groups in some lipid extracts from seawater. 
The NH^OH elution of the XAD-2 resin would p r e s u m a b l y  
elute the adsorbed lipid material which was more readily 
converted to the salt form (e.g. free fatty acids). 
However, seawater lipids represent a complex mixture of 
materials (Setion 2.1.3) so this extract was probably a 
mixture. The ethanol eluted material also possessed some 
lipid characteristics and contained both hydroxyl and 
carboxyl functions (figures 2.7 an 2.8 ).This may be 
similarly comprised of a mixture of materials and the 
broad nature of the i.r. spectra would suggest this to be 
the case.
The low recovery of NH^OH soluble material from adsorption 
onto XAD-2 at the natural pH of seawater may have been due 
to (i) little material being adsorbed which may be eluted 
by this solvent, or (ii) a hinderance to elution by a 
strong affinity of the material for the substrate as shown 
for high molecular weight material adsorption at pH2 on 
XAD-2 resin. The reasons for the difference between this 
result and that of Hunter (1980), where a pH change to
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1 1 . 6  caused desorption of naturally adsorbed material, is 
not clear but may be related to the time allowed for 
adsorption; 4 hours as opposed to 5 days (Hunter,1980 and 
the present study respectively). The longer adsorption 
time allowed in the present study may result in a stronger 
adsorption affinity. Since the adsorbing material may be 
polydisperse, the longer adsorption time would result in a 
greater amount of the high molecular weight material being 
adsorbed (Chapter 4), and this may have a stronger 
affinity for the surface in comparison to lower molecular 
weight material. The presence of an ethanol elutable 
fraction suggested that lipid material is involved in 
"conditioning" film formation, although at a lower 
concentration than that found in seawater: an adsorbed 
concentration equivalent to 0.27mg.l“^ whereas table 2.3 
indicates an average seawater concentration of 0.65mg.l“ -^. 
This is consistent with the reduction of surface-activity 
of lipid materials in the presence of other naturally 
occurring surface-active materials in seawater (Section 
1.2).
2.6.2. Ultrafiltration.
The ultrafiltration system was used to obtain material of 
high molecular weight (>1 0 0 0 ) and to fractionate some 
extracts into molecular weight bands (figures 2.10,2.16 
and 2.23). These molecular weight fractionations are only
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approximations since both the size and shape of the 
molecule determines whether it will pass a given membrane; 
a long narrow molecule having a greater tendency to pass 
the membrane than a spherical one of the same molecular 
w e i g h t  (Maurer, 1971? W h e e l e r ,  1976). T h u s  the 
fractionations are more strictly on a molecular size 
basis. It has been shown (Maurer, 1971, 1976? Ogura,
1974; Wheeler, 1976), by calibration with compounds of 
known molecular weight, that the membrane cut-offs are not 
sharp but have a range of effectiveness. However, it has 
been suggested (Wheeler, 1976) that the results serve as a 
guide to the molecular weight of the dissolved materials 
despite retention differences due to shape. The shapes of 
the dissolved macromolecules in seawater are not known.
As well as losses due to the range of effectiveness of the 
membrane some loss of material also occurs from leakage of 
material through the membrane, i.e. organic matter of a 
molecular weight greater than the nominal weight may pass 
through the memb r a n e  (Ogura, 1974; Wheeler, 1976). The 
leakage increases as the concentration of material above 
the membrane increases, for example Ogura (1974) showed 
that for lOOcm^ of Cytochrome-C solution (3 mg.C I”1) and 
using a 1 0 , 0 0 0  mwt. cut-off membrane, 1 0 0 % was retained
for the first 30cm^ passed, 97.5% was retained for the
passage of 30-50cm^ of solution and 93% retained for the
passage of 50-70 cm^ of solution.
103
The molecular weight distribution of the XAD-2 extract 
(figure 2.10) showed 59% of this extract to be ^.1000 i.e. 
a seawater concentration equivalent to 0.51 mg.l” -*-.
However, the concentration of the lyophilized UM2 extract 
(28/1/81) gave a value of 1 . 2  mg.I” 1  for material .^1 0 0 0 . 
This difference in concentration may result from (a) some 
high molecular weight components failing to adsorb onto 
XAD-2, (b) high molecular weight material was adsorbed but 
was not recoverable from the resin and/or (c) inherent 
variations due to sampling times and conditions. The 
comparative studies showed that the UM2-extracted material 
could be adsorbed to XAD-2 resin using the conditions for 
bulk extraction of seawater. Little of this material was 
recoverable using the normal elution conditions (pH 11.6 
NH^OH) and an i d e n t i c a l  e f f e c t  w a s  s h o w n  for the 
predominately high molecular weight chloroform-emulsion 
extractable material. Thus (b) above appears to be the 
most probable reason for the observed concentration  
differences with possibly some contribution from sample 
v a r i a t i o n .  X A D - 2  resin, t h e r e f o r e ,  m a y  a l l o w  the 
selective recovery of fulvic acids and the more readily 
elutable humic acids (i.e. those less surface-active 
s p e c i e s  as i n d i c a t e d  by the low le v e l  of  e m u l s i o n  
extractable material in one humic acid sample: table 2.9). 
These elutable materials may also be predominately of low 
molecular weight (<5,000). The presence of a high level 
(0.96 mg.l“l seawater) of XAD-extractable material after 
removal of the high molecular weight material (^1 ,0 0 0 ) by
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ultrafiltration was consistent with this view. The high 
level of ethanol-eluted material in this experiment, 
together with the absence of this type of material after 
adsorption of a UM2 (^lf000 mwt) extract at pH2 onto XAD-2 
resin, suggested that ethanol-soluble extracts were of low 
molecular weight (<1 0 0 0 ).
2.6.3. Chloroform-emulsion extraction.
The chlorofom-emulsion extraction procedure was indicated 
by Khaylov (1968) to give an approximately 90% yield of 
dissolved macromolecular compounds. The present study 
showed, however, that a further 28% of interfacial
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material may be recovered by a second extraction of the 
seawater, thus suggesting only an initial yield of 72% , 
a s s u m i n g  t o t a l  r e c o v e r y  of the s u r f a c e - a c t i v e  
m a c r o m o l e c u l e s  for the t w o  e x t r a c t i o n s .  The 90% 
efficiency of Khaylov was based on the recovery of a 
polysaccharide (Phycol) and a protein (egg albumin) 
dissolved in seawater and these may not represent the 
actual dissolved materials. The extraction conditions 
described by Khaylov were adopted for the present study 
but further work is required to optimise the extraction 
conditions, e.g. by re-extraction of emulsion-extracted 
materials dissolved in artificial seawater. The possible 
variable initial concentrations of dissolved m a t e r i a l  
(which are generally not known) must also be taken into 
account since these may affect the distribution between
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the dissolved and interfacial states.
It was also suggested (Khaylov, 1968) that the method 
extracts only humic acids but no evidence was produced to 
support this. However, a part of the material extracted 
by this author was water-soluble and may represent a 
fulvic acid fraction; humic acids being alkali soluble 
whereas fulvic acids are soluble in both acid and alkali 
(Section 2.1.3) and will thus be soluble in water. This 
water-soluble material was shown to be the lower molecular 
weight fraction of the extract. Some fulvic m a t e r i a l  
(~2 2 %) has been shown to be present, however, in extracts 
from the present study and this was consistent with the 
presence of chloroform-emulsion extractable material in an 
XAD-fulvic acid extract (Section 2.5.4). The m o l e cular 
weights of these materials are not known and thus it is 
difficult to predict whether they correspond to the water- 
soluble material of Khaylov.
The i.r. spectrum (figure 2.18) of the extracted material 
indicated a large humic acid content as indicated by 
Khaylov (1968) and this was consistent with the ratios, 
after fractionation, of humic and fulvic acids. The i.r. 
s p e c t r u m  of the f u l v i c  acid f r a c t i o n  e x h i b i t e d  
similarities to humic acid spectra in the 1750-1500 c m ” 1  
region in contrast to the fulvic acids isolated by XAD-2 
resin. Stevenson and Goh (1971) have shown v a r i a b i l i t y  
for terrestrial fulvic acids in this region of the
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spectrum and those having dominant 1650 and 1540 cm"-*- 
bands (as in figure 2 .2 0 , the fulvic acid e m u l s i o n 
extract) were suggested to have some proteinaceous 
character. Both modes of formation of marine humic 
material (degradation or condensation as described in 
Section 2.1.4) would allow the existence of fulvic acids 
which exhibit some characteristics of humic acids'(i.e. 
intermediate between true fulvic and humic acids), thus 
posibly accounting for their suface-activity and apparent 
increase in proteinaceous content in co m p a r i s o n  to the 
lower molecular weight fulvic acids which are isolated 
using XAD-2 resin.
Similarly very high molecular weight material may exist 
which is intermediate between humin (insoluble) and humic 
acids. This may correspond to the NH^OH insoluble 
material from the emulsion extraction. The very high 
molecular weight together with the partial humin character 
may then make it difficult to redissolve in aqueous media 
once extracted. The increased CH stretching absorbance in 
the i.r. spectrum of this material (figure 2 .2 2 ), compared 
to the humic acid fraction (figure 2 .2 1 ), w ould be 
consistent with some humin character since humins have 
been shown (Hatcher, 1980) to have an appreciable alkyl CH 
stretching band in their i.r. spectra.
The molecular weight distribution of one sample (figure
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2.23) showed that it consisted of material with molecular 
weights between 500 and ^300,000 and this was generally 
consistent with the findings of Khaylov (1968). The major 
portion of this extract was shown to be ^300,000 with 
small amounts for most of the other molecular weight
bands. However,the relative amounts of material wit h i n
each of the molecular weight bands may vary with the 
different (seasonal and tidal) water sampling times. This 
will similarly affect the molecular weight distributions 
of XAD-2 and ultrafiltration extracts (Section 2.6.1 and
2.6.2). The presence of material in the 500-1,000 size 
range correlates with the presence of chloroform-emulsion 
extractable material in the ultrafiltration sample of this 
size range (Section 2.5.4), and also the p resence of 
e mulsion-extractable material in seawater after the 
removal of material ^ 1 0 0 0  mwt. by ultrafiltration.
2.6.4. Seasonal variations and general conclusions.
The variability in the amounts of material extracted by 
the three extraction techniques may indicate some seasonal 
variation although the low number of samples obtained
makes this only a tentative suggestion. Also the actual
concentrations of the ultrafiltration extracts were not 
known, the concentrations being based on the analysis of 
one lyophilised extract. Assuming that these calculated 
concentrations reflect the actual concentrations of 
material ^ . 1 0 0 0  mwt., then the highest concentrations were
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observed between late spring and summer with a subsequent 
reduction in concentration for the winter period (table 
2.7). Similarly the higher levels of emulsion extractable 
material tended to be found during the s p r i n g -summer 
s e a s o n  and w i t h  les s e r  a m o u n t s  d u r i n g  the w i nter. 
However, the concentrations of XAD-extracted mater i a l  
(table 2.3) were generally higher during the winter.- Also 
the relative amounts of humic and fulvic acids in these 
extracts showed some possible variability with the season 
(table 2.4), high amounts of humic acids being recovered 
during the spring and low amounts during the winter. 
Although these humic contents may not reflect the actual 
dissolved concentration as discussed previously.
Assuming that humic acids generally represent high and 
fulvic acids low molecular weight materials, then it may 
be that the concentration of high molecular weight  
material (humic acids) increases in late spring and summer 
as a result of the decay of organisms from a spr ing-summer 
bloom. As the bloom diminishes so the concentration of 
humic acids decreases to a m i n i m u m  during the winter 
period. Also during the a u t u m n -winter period the high 
molecular weight materials may then be degraded to lower 
molecular weight components thus accounting for the higher 
concentrations of these during this period. This would be 
consistent with the breakdown sequence of Hatcher (1980) 
viz: humin — > humic acid — > fulvic acid. Also higher
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concentrations of simple sugars and amino-acids during the 
summer may allow the condensation to larger molecular 
weight materials with the converse occurring during the 
winter. However further work is required to det e r m i n e  
whether the above hypothesis is correct. So m e  similar 
variations in dissolved macromolecular material have been 
shown by Ogura (1974) and were attributed to the decay of 
organisms after the presence of a phytoplankton bloom.
All the e x t r a c t s ,  w i t h  the e x c e p t i o n  of the l i p i d  
m a t e r i a l s  (ethanol, d i c h l o r o m e t h a n e  or c h l o r o f o r m  
soluble), were indicated to be humic materials. These 
were a polydisperse mixture of heteropolymers containing 
low levels of amino-acids (8-24%) and carbohydrates (5- 
10%). The presence of the carbohydrate functions was shown 
to allow the quantitative estimation of the extracts for 
use in subsequent adsorption experiments (Chapters 3 and 
4). These levels were consistent with the findings of 
Maurer (1971, 1976) and Khaylov et al., (1969). Uronic 
acids were also shown to be present in the extracts. The 
major portion of the materials was unidentified but has 
been suggested (Jeffrey, 1969; Stuermer and Harvey, 1978? 
Hatcher, 1980? Saito and Hayano, 1981) to contain a number 
of different functional groups. A great deal of work 
still has to be carried out in order to elucidate the 
exact chemical nature of marine humic materials.
The higher molecular weight materials tended to be humic
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acids whilst the lower molecular weight materials tended 
to be fulvic acids. Both materials, however, may have 
molecular weights covering the entire range examined (<500 
- >300,000). H u mic acids were indicated to have a more 
proteinaceous character than fulvic acids by the presence 
of dominant Amide I and II bands in their i.r. spectra but 
the amounts of hydrolysable amino-acids were substantially 
less than for a true protein (Bovine serum albumin). I.R. 
s p e c t r a  of f u l v i c  a c i d s  s u g g e s t e d  t h e m  to c o n t a i n  
predominately carboxylate and hydroxyl functions. These 
findings were consistent with Hatcher (1980) for marine 
sedimentary fulvic and humic acids.
The XAD-2 extraction procedure appeared to be best suited 
to the extraction of fulvic acids whilst higher molecular 
weight material (humic • acids) were best extracted using 
ultrafiltration. The chloroform-emulsion techniqe may be 
used to extract the surface-active humic material. No one 
extraction procedure was 1 0 0 % efficient as a result of 
faults inherent in each and/or the lack of information on 
the i n i t i a l  c o n c e n t r a t i o n s  and m o l e c u l a r  w e i g h t  
distributions of the dissolved humic material in seawater.
Ill
CHAPTER 3
Column adsorption experiments.
3.1. Introduction
Section 1.2 has suggested a potential for seawater 
dissolved macromolecular and humic compounds to adsorb to 
a wide variety of solid substrates. However, the actual 
adsorption of these compounds to a number of different 
materials has not been demonstrated. This Chapter and 
Chapter four therefore examine the adsorption of extracts 
of these materials (as described in Chapter 2) to several 
hydrophilic and hydrophobic substrates.
A number of materials were initially examined for use as 
adsorbents and these were Aerosil 200 (a non-porous 
colloidal silica,Degussa Ltd.), ballotini beads (soda - 
lime glass, Potters Ballotini Ltd.), silver iodide powder, 
a polystyrene latex (0.7jam diameter,from Dr. B. Vincent - 
University of Bristol), XAD-2 resin and a hydrated iron 
oxide gel (Tipping,1981a). Adsorption of the extracts 
using silver iodide powder is desribed in Chapter 4. The 
polystyrene latex and iron oxide gel were shown to be 
flocculated by the solvent systems used (0.7M NaCl and 7- 
ion seawater) and were thus not suitable for adsorption 
studies. Interference with the analysis (phenol-sulphuric
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acid assay) of the extracts was found with Aerosil 200 and 
ballotini when stirred or tumbled (Section 4.2) with their 
solutions. Hunter (1980) has also indicated possible 
flocculation of the colloidal silica with the solvents 
used. However,the analysis interference was not apparent 
when the ballotini was used as a column adsorbent. The 
XAD-2 resin was also suitable for use in columns. This 
chapter therefore examines adsorption of the extracts to 
columns of XAD-2 resin, hydrophilic (acid-cleaned) and 
hydrophobic (methylated) ballotini.
Adsorption experiments using filtered seawater (Section
2 .2 ) are also described and were as follows:-
(i) adsorption of dissolved material onto silver 
iodide powder for infrared examination,
(ii) as above, except that fractions of dissolved 
material were removed, using the m e t hods 
described in Section 2.3, prior to the 
water contacting the silver iodide.
3.2. Materials and methods
The reagents, water and cleaning of g l a s s w a r e  were as 
described in Section 2.4.
Ballotini beads are a typical soda-lime glass (SiC> 2 72.8%) 
of variable shape (80% m i n i m u m  true spheres) and size. 
The type AC beads used have diameters between 149-250/im.
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The beads were cleaned in a nitric-hydrochloric acid 
(50:50) mixture for 16 hours, rinsed thoroughly with 
double-distilled water, dried at 110°C and stored over 
silia gel prior to use. Hydrophobic ballotini was 
prepared by methylation with trimethylchlorosilane  
according to method of Smith et al., (1970).
2 5 c m ^  c o l u m n s ,  c o n t a i n i n g  36g. of h y d r o p h i l i c  or 
h y d r o p h o b i c  g l a s s  s u b s t r a t e s  w e r e  p r e p a r e d .  T h e  
hydrophilic substrate was packed into columns as a water 
slurry and the hydrophobic one as an ethanol slurry to 
ensure complete wetting of the substrate. The c o l umns 
were tapped during packing to aid settlement of the beads 
and they contained acid-cleaned glass wool plugs above and 
below the adsorbent to secure it. Columns containing the 
hydrophilic substrate were eluted with 2 5 0 c m J 7-ion 
seawater or 0.7M NaCl depending on the solvent being used 
for adsorption. The hydrophobic columns were eluted with 
250cm^ double-distilled water and finally 250cm^ 7-ion 
seawater or 0.7M NaCl.
25cm^ columns of XAD-2 resin (17g. dry weight) were 
prepared as described in Section 2.3.1. except that 
washing with 0.5M NaOH after preparation was omitted. The 
columns were eluted with 250cm^ 7-ion seawater or 0.7M 
NaCl just prior to the adsorption experiment.
Losses on the columns, other than adsorption, were
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examined using 2 0 c m J glucose (60/ig.ml ■*■) and dextran 
(B.D.H. mwt. 150,000-200,000? O.lmg.ml*"^) solutions. The 
v olume of the mobile phase in the columns was measured 
using methylene blue solution and were 15cm^ and 18cm^ for 
the ballotini and XAD-2 resin columns respectively.
Solutions of the organic extracts were prepared in either 
7-ion seawater or 0.7M NaCl and the concentrations used 
are shown in Section 3.3. 20cm^ portions of these
solutions were applied and drawn onto the columns and left 
in contact with the adsorbents for one hour. The columns 
were then eluted (0.5ml.min ■*•) with 100cmJ of appropriate 
solvent (7-ion seawater or 0.7M NaCl) and the eluates 
c o l l e c t e d  in 1 0 c m ^  por t i o n s .  I n i t i a l  and e l u a t e  
concentrations were measured, as glucose equivalents, 
using the phenol-sulphuric acid assay (Section 2.4). 
Experiments were carried out in duplicate at 20±1°C.
Silver iodide powder was prepared according to the method 
of Mathai and Ottewill (1966) and the solid washed with 
double-distlled water until shown by infrared examination 
to be free of contamination. Columns containing lg. Agl 
were prepared by packing the solid in pasteur pipettes 
with acid-cleaned glass wool plugs to secure it. These 
were then contacted with seawater as shown below:-
(i) 81. of each of the following:
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(a) sterile, filtered (0 .2 2 jim) seawater,
(b) seawater after CHC^-emulsion extraction,
(c) seawater after XAD-2 extraction (pH adjusted to 8 ). 
These were pumped (1 ml. min.- )^ through separate columns.
(ii) columns were placed in the outflow from the 
u l t r a f i l t r a t i o n  c e l l  ( S e c t i o n  2.3.2) w h i c h  
contained either a YM5 (5,000 m.wt. cut-off), UM2 (1,000 
m.wt. cut-off) or UM05 (500 m.wt. cut-off) membrane. 
81. of water were then pumped through the columns at the 
pressures and flow rates appropriate for these membranes 
(Section 2.3.2).
The silver iodide was then removed from the columns, 
washed with lOcm*^ (x3) double-distilled water, dried at 
100°C and stored over phosphorus pentoxide prior to 
infrared examination. This was carried out using 200mg. 
Agl discs, prepared using a standard i.r. disc press at 10 
tons for 1 min., in a P e r k i n  E l m e r  P E 5 5 7  i n f r a r e d  
spectrophotometer with an Agl reference.
Duplicate samples of 50mg. Agl from some of these
*5
experiments were suspended m  lcmJ double-distilled water 
and analysed using the phenol-sulphuric acid assay 
(Section 2.4). The solids were centrifuged (3,000xg. for 
15 mins.) prior to measurement of the optical densities of 
the solutions.
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3.3. Results
Recoveries of glucose and dextran after passage through 
silica and XAD-2 columns ranged between 98.8 and 99.6% 
i.e. no appreciable loss on the columns. The elution 
profile of the dextran solution from a hydrophilic silica 
column is shown in figure 3.1A and that from an XAD-2 
column in figure 3.IB.
FIGURE 3 .1 A Ft UTION PROFILE OF DEXTRAN FROM A SILICA(BALLOTINI) COLUMN
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FIGURE 3 .1 B  ELUTION PROFILE OF DEXTRAN FROM AN X A D -2  COLUMN
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These results show that full elution of the high molecular
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weight dextran was accomplished after collection of 60cmJ 
and 8 0 c m ^  e l u a t e  for the s i l i c a  and X A D - 2  c o l u m n s  
respectively. The solutions of the extracts exhibited 
similar elution profiles but showed varying reductions in 
amounts of material after contact with the adsorbents. 
Table 3.1 shows these reductions as a percentage of the 
amount of material initially applied to the columns.
TABLE 3 .1  REDUCTION OF EXTRACT AMOUNT AFTER PASSAGE THROUGH  
BALLOTIN I(SIL ICA) AND X A D -2  COLUMNS
SAMPLE CONC.
% CHANGE AFTER CONTACT WITH
HYDROPHILIC
SILICA
HYDROPHOBIC
SILICA
XA D -2 RESIN
X A D -2  FULVIC ACID 
( 1 8 / 6 / 8 1 )
0 .5 M G . ML'1
7 -IO N
SEAWATER
4 20 n.d.
UM2
( 1 7 / 8 / 8 1 )
D ILUTED1:10
W ITH 7 -IO N  
SEAWATER
6 15 5 5
C HC L3-EMULSION
( 1 6 / 2 / 8 2 )
0.3M G . ML1
0 .7 M  N3CL, 
pH 7 .6
28 36 62
n.d.* NOT DETERMINED
The concentrations of the fulvic acid, UM2 and chloroform-
O
emulsion extracts represented approximately 2x10 , 70 and 
1 x 1 0 ^ times their respective concentrations in seawater. 
All extracts showed an increased adsorption on the 
hydrophobic compared to the hydrophilic silica. The UM2 
and c h l o r o f o r m - e m u l s i o n  e x t r a c t s  also s h o w e d  a 
considerable adsorption onto XAD-2 resin. The small  
quantity of humic acid obtained by XAD-2 extraction  
precluded any examination of this material. Similarly the
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amount of fulvic acid (sample 18/6/81) did not allow an 
adsorption determination for the XAD-2 resin.
The infrared spectra of material adsorbed from seawater 
onto silver iodide columns are shown in figures 3.2B - 3.5 
and show material adsorbed from sterile, filtered seawater 
and seawater after chlorof o r m - e m u l s i o n  and XAD-2 resin 
extractions and ultrafiltration respectively. Material 
adsorbed onto silver iodide after ultrafiltration with a 
YM5, UM2 or UM05 membrane are shown in figures 3.5A,B and 
C respectively. Figure 3.2A shows the spectrum of pure 
silver-iodide.
FIGURE 3 .2 A  I.R . SPECTRUM OF PURE SILVER IODIDE
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FIGURE 3 .2 B  I.R . SPECTRUM OF ADSORBED MATERIAL ON S ILV ER IODIDE FROM  
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FIGURE 3 .4  I.R . SPECTRUM OF MATERIAL ADSORBED ON SILVER IODIDE FROM FILTERED
SEAW ATER AFTER X A D -2  E XTR A CTIO N
100-
8 0 -
d>o
cre
E
(0
cre
I—
as
3500 3000 2500 2000 1800 1600 1400 1200 1000
WAVENUMBER (CM'1)
6004000
FIGURE 3 .5 A  I.R . SPECTRUM OF MATERIAL ADSORBED ON SILVER IODIDE FROM FILTERED
SEAWATER AFTER ULTRAFlLTRATIONfVMS MEMBRANE)
too-
BO-
20 -
3500 1600 1400 1200 10003000 2500 2000 1800
WAVENUMBER (CM*1)
800 6004000
FIGURE 3.SB I.R. SPECTRUM OF MATERIAL ADSORBED ON SILVER IODIDE FROM FILTERED
SEAWATER AFTER ULTRAFILTRATION(UM2 MEMBRANE)
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FIGURE 3.5C I.R. SPECTRUM OF MATERIAL ADSORBED ON SILVER IODIDE FROM FILTERED
SEAWATER AFTER U LTR AFILTRA TIQ N (U M 05 MEMBRANE)
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The spectrum of material adsorbed to silver iodide from 
sterile, filtered seawater (figure 3.2B) shows the 
following absorption bands: 3300-3400,2900,1640,1530 and
1150-1000 cm"-*-. This exhibits a great similarity to i.r. 
spectra of humic acid extracts shown in Chapter 2 and 
possible band assignments are also shown there. The 
spectra obtained after the various extractions (figures
3.3, 3,4, 3.5A,B and C) indicated that no one extraction 
method could remove all the adsorbing material. The low 
levels of adsorbed material shown after ultrafiltration 
(UM2 and UM05 membranes) suggests the majority of the 
adsorbing material to be of high molecular weight.
The analyses of silver iodide powder after treatment, 
using the phenol-sulphuric acid assay ( table 3.2) , were 
consistent with the spectra shown in figures 3.2B and 3.5A 
and B.
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TABLE 3 .2  PHENOL-H-.SO, ANALYSIS OF SILVER IODIDE AFTER 
TREATMENT WITH FILTERED SEAW ATER(8L.)
SAMPLE AV.OPTICAL DENSITY  
(4 90N M )
STERILE-FILTERED
SEAWATER 0 .2 0 3
POST ULTRAFILTRATION  
-Y M 5  MEMBRANE
0 .2 0 5
POST ULTRAFILTRATION  
-U M 2 MEMBRANE
0 .1 4 3
POST ULTRAFILTRATION  
UM 05 MEMBRANE 0 .1 6 4
BLANK-PURE SILVER 
IODIDE
0 .0 9 1
3.4. Discussion
The variability in concentrations of the samples makes 
direct comparison of the adsorption data between the 
extracts on XAD-2, hydrophilic and hydrophobic silica 
columns difficult. These high and variable concentrations 
were used to facilitate the detection of the extracts. 
However, the data show that the extracts were able to 
adsorb to both hydrophilic and hydrophobic substrates. A 
greater adsorption to hydrophobic substrates was also 
indicated. The increased adsorption on XAD-2 resin for the 
UM2 and chloroform-emulsion extracts was most probably due 
to the increased surface area available owing to its 
macroporous nature; approximately 0.75m^ compared to 
1020m^ for the respective weights of silica and XAD-2 
used, assuming only 20% of the available surface of XAD-2 
is used for adsorption (Mantoura and Riley, 1975). These 
areas were based on a calculation using ah average
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particle size for the silica and published data for the 
surface area of the XAD-2 resin (Kennedy, 1973). It was 
not clear, however, how much of the very high molecular 
weight material could penetrate the 9nm (Kennedy, 1973) 
pores of the XAD-2 adsorbent.
The infrared spectrum of material adsorbed on silver 
iodide powder from sterile, filtered seawater (figure 
3.2B) suggested some proteinaceous and some carbohydrate 
character for this material. The phenol-B^SO^ analysis 
confirmed that the i.r. band between 1150-1000cm-^ was due 
in part to carbohydrate functions. The spectrum exhibited 
a strong resemblance to previously published spectra of 
freshwater and marine sedimentary humic acids (Hatcher,
1980) and the spectra of the various humic acid extracts 
shown in Chapter 2.Also a great similarity was shown to 
the internal reflectance spectra of Baier et al., (1974) 
and Baier (1981) for natural seawater surface films and 
Goupil et al., (1973, 1980) for films adsorbed from bulk 
seawater onto germanium prisms.A humic character was also 
suggested for these published spectra (Section 1.2, Hunter 
and Liss 1981a) .Although it has been indicated (Section 
2.5.1) that some lipid material was present in an adsorbed 
film formed on XAD-2 resin at the natural pH of seawater 
the s m a l l  a b s o r b a n c e  at 2900 c m " ^  i n d i c a t e d  this 
contribution was low . This apparent anomaly was similar 
to that for natural surface films, as discussed by Hunter 
and Liss (1981a), where the lipid content had to equal 10%
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of the adsorbed film before it could be detected by the 
Ge-prism/i.r. technique. Thus, although lipid is present 
in the adsorbed film it probably only constitutes a small 
fraction of it.
The infrared spectra and carbohydrate analyses were 
consistent with a polydisperse character for the adsorbing 
materials and illustrates that no one method of extraction 
could successfully remove all these materials (Chapter 2). 
S o m e  of the v a r i a t i o n s  in the s p e c t r a  of a d s o r b e d  
materials obtained after extraction may result from the 
different (seasonal, tidal) water sampling times. The 
different water samples containing different distributions 
of dissolved materials. Removal of some of the adsorbing 
m a t e r i a l  m a y  als o  a l l o w  s o m e  of the m o r e  w e a k l y  
competitive surface-active material to adsorb to a greater 
extent; the adsorption process being a competitive process 
(Section 1.2). The water used after chloroform extraction 
contained some dissolved chloroform and this may alter the 
solubility of some of the dissolved organic components. 
However, the infrared data do indicate that extraction 
generally reduces the amount of adsorbing mate r i a l  and 
shows the usefulness of silver iodide powder as an 
adsorbent, since spectra of adsorbed extracts (to be 
described in Chapter 4) may then be compared with figure 
f i g u r e  3.2B ( a d s o r b e d  m a t e r i a l  f r o m  s t e r i l e  , 
unfractionated seawater).
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Chapter 4
Adsorption of the extracts at the silver iodide-water 
interface.
4.1. Introduction.
The extracts, obtained as described in Chapter 2, have 
been shown to be macromolecular humic materials and thus 
their adsorption at the solid-liquid interface may be 
expected to show certain aspects of the adsorption of 
polymers. A great deal of work has been published, both 
experimental and theoretical, on polymer adsorption at the 
solid-liquid interface, see for example Silberberg (1962, 
1971), Kipling (1965), Stromberg (1967), Ash (1973), 
Vincent (1974), Lipatov and Sergeeva (1974) and Koopal 
(1978), with the following general results:-
(i) Adsorption data can be fitted to a Langmuir isotherm 
although there is no theoretical basis for this. The 
apparent fit to this isotherm is therefore regarded as 
fortuitous.
(ii) The amount of polymer adsorbed per unit area 
i n c r e a s e s  e x t r e m e l y  r a p i d l y  w i t h  b u l k  p o l y m e r  
concentration and reaches a plateau value which does not 
c h a n g e  a p p r e c i a b l y  w i t h  f u r t h e r  i n c r e a s e s  in bulk 
concentration. This is shown schematically in figure 4.1.
In the plateau region there is considerable lateral 
interaction between adsorbed molecules.
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FIGURE 4.1 A TYPICAL ISOTHERM FOR A MONODISPERSE POLYMER
AMOUNT ADSORBED 
PER UNIT AREA
EQUILIBRIUM CONC.
In some cases, particularly where high molecular weight 
material is used, the initial rise in adsorption occurs at 
concentrations too small to be detected and the plateau 
extends over the entire experimentally accessible range,
(iii) Each polymer molecule has a large number of 
potential adsorption sites. At any time only a fraction 
(p) of the total number of segments will be in contact 
with the solid. The surface-contacting parts of the 
molecule (trains) are joined by loops which extend a 
significant distance (S) into the bulk solution as shown 
schematically in figure 4.2.
FIGURE 4 .2  SCHEMATIC REPRESENTATION OF A POLYMER  
ADSORBED AT A SOLID-LIQUID  INTERFACE
-TRAIN
LOOP
A  8 *
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(iv) Although each segment in a train may be only weakly, 
and therefore reversibly adsorbed, the probability of 
desorbing all the segments in trains simultaneously is 
very small. Thus adsorption is very often shown to be 
irreversible to dilution with the solvent used for 
adsorption.
(v) The t i m e  r e q u i r e d  to reach a s t e a d y - s t a t e  
configuration at the interface may be considerable(^hours 
or days).
(vi) The amount adsorbed from solution is largest when a 
poor solvent is used and decreases progressively with 
increasing solvent power.
(vii) The amount adsorbed and fraction of contacting 
segments (p) increase, and 6  decreases, the stronger the 
polymer-suface interactions relative to solvent-surface 
interactions.
(viii) The amount adsorbed may increase or decrease with 
increasing temperature. Some systems have also shown 
experimentally no temperature dependence.
(iv) Changes in the structure of the polymer, e.g. 
branching, tacticity, monomer sequence lengths in the 
polymer chain for copolymers or introduction of other 
monomer units , can alter its adsorption properties. 
Theoretically both the amount adsorbed and p should 
increase, and thus implying that & should decrease, with 
increasing flexibility of the macromolecule.
(x) The amount adsorbed and 6  increase with increasing 
molecular weight. As the molecular weight increases,
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however, the amount adsorbed tends to a limiting value, 
i.e. it becomes less and less dependent on the size of the 
macromolecules and eventually at high enough molecular 
weights no further dependence can be detected. This 
m o l e c u l a r  w e i g h t  d e p e n d e n c e  is s t r o n g e r  in p o o r e r  
solvents.
(xi) Polyelectrolyte adsorption, as well as showing the 
same pattern as nonionic polymers, shows additional 
features such as charge effects between the surface and 
polymer, and changes in polymer conformation brought about 
by changes in ionic strength and pH.
Polymer adsorption is commonly studied by determining the 
adsorption isotherm. Parameters characterizing the 
conformation of adsorbed polymers and adsorbed layer 
thickness are generally more difficult to obtain (Koopal,
1981). Adsorption studies with polymers of narrow  
molecular weight distribution generally give isotherms 
which conform to the type described in (ii) above. 
However, in a large number of studies a differently-shaped 
i s o t h e r m  w a s  o b t a i n e d  and this has bee n  d i r e c t l y  
attributed to the polydispersity of the polymer under 
investigation (Cohen Stuart et al., 1980; Koopal, 1981; 
H l a d y  et a l . , 1982; F u r u s a w a  et a l . , 1982). T h e s e
isotherms showed a more-rounded profile with a gradual 
i n c r e a s e  in a d s o r b e d  a m o u n t  w i t h  i n c r e a s i n g  bulk 
concentration as shown schematically in figure 4.3.
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FIGURE 4.3 SCHEMATIC REPRESENTATION OF AN ISOTHERM FOR A
POLYDISPERSE POLYMER
AMOUNT ADSORBED
PER UNIT AREA
UNADSORBED CONC.
A well-defined plateau is not always observed for this 
type of isotherm. It was shown, by the above authors, 
that the shape of the isotherms for polydisperse systems 
was affected by the time for adsorption and the adsorbent 
content  ^ and this was explained on the basis of the 
preferential adsorption of larger polymer molecules over 
smaller ones. These authors further showed that the 
dependence on adsorbent content may be accounted for by 
plotting the unadsorbed concentration as a concentration 
per unit area.
Although considerable data exists for the adsorption of 
polymers,data for the adsorption of humic materials are 
limited. Parfitt et al., (1977) have reported isotherm 
data for soil fulvic and humic acids adsorbed on goethite 
and Tipping (1981a,b) the adsorption of freshwater humic 
material on iron oxides. An increase in adsorption with 
decreasing pH was shown in both cases. However, the 
origin of these materials and the low ionic strengths at 
which the experiments were carried out (no greater than
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0.1M) makes extrapolation to marine systems difficult, 
since terrestrial humic materials are thought to be 
different from those of marine sources (Section 2.1.3) and 
the ionic concentration of seawater is approximately 0.7M 
(Lyman and Fleming, 1940; Huizenga and Kester, 1979).
The limited amount of experimental work for the adsorption 
of marine humic materials has generally involved their 
adsorption onto sedimentary particles (e.g. clays and 
calcite) and some reference to these studies has been made 
in Section 1.2. Carter (1978) has determined adsorption 
isotherms for a marine sedimentary fulvic acid on calcite 
and quartz and showed an increase in amount adsorbed with 
increasing bulk concentration wih no plateau adsorption. 
However these experiments did not represent a marine 
system since they were conducted in distilled water. 
Humic material-clay mineral associations have been 
reviewed by Hedges (1980) with the following general 
observations
(a) regardless of the humic material and clay mineral  
used adsorption increases with decreasing pH. This 
results in part from the extent of ionization of carboxyl 
groups within the polymers.
(b) adsorption on clay minerals increases with increasing 
ionic strength as a result of decreased solubility of the 
polymers.
Thus there is little knowledge of the interactions of 
marine dissolved humic materials with surfaces. The humic
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materials extracted in the present study were shown 
(Chapter 3) to adsorb to both hydrophilic and hydrophobic 
substrates but little information was obtained regarding 
their adsorption characteristics. This chapter examines 
some of these characteristics viz: adsorption isotherms
and the effect of pH, ionic strength, time, temperature 
and surface area on adsorption, using silver iodide powder 
as the absorbent. This provided a substrate which could 
be easily prepared in a pure form, was easily separated 
from suspension by centrifugation and was not flocculated 
by the solvent systems used (Section 3.1). Silver iodide 
has been used as an adsorbent, by others, when studying 
polymer adsorption (Baran et al., 1977; Koopal, 1978, 
1981; Bijsterbosch and Lyklema, 1978; Edwards and Rutter, 
1980; Matuszewska et al., 1981; Hlady et al., 1982). The 
use of silver iodide powder also allowed the infrared 
examination of adsorbed material from the adsorption 
experiments and thus a comparison with the i.r. spectrum 
of material adsorbed from filter-sterilised seawater on 
this adsorbent (Section 3.3., figure 3.2B) could be made.
4.2. Materials and methods
The reagents,water and cleaning of glassware were as 
described in Section 2.4.
The silver iodide was prepared as described in Section
3.2. The surface area of the adsorbent was d e t e r m i n e d
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using the methylene blue adsorption method of Koopal 
(1978) and was found to be 0.56 m^ g~-*-.
The extracts are as described in Chapter 2 and were 
prepared in seven-ion artificial seawater (Section 2.4) or 
0.7M sodium chloride solution. Experiments showed no 
detectable change in pH with adsorption for these solvent 
systems.
Adsorption isotherms were constructed by adding known 
volumes of extract solutions, of known concentrations, to 
known weights of silver iodide in test tubes. The tubes 
were sealed and rotated slowly end-over-end (~26 r.p.m.)
at constant temperature (20±0.5°C) for specified times 
(generally 18 hours). The mixtures were then centrifuged, 
using a predetermined time and speed (3,000xg. for 15 
mins.), to give clear supernatants.
The c o n c e n t r a t i o n  of the ext r a c t s ,  in /ig. g l u c o s e  
equivalents m l ” ^ (Chapter 2), were measured before and 
after adsorption using the phenol-sulphuric acid assay 
(Section 2.4). All optical density measurements were made 
using a Beckman 24 u.v.-visible spectrophotometer with 
lcm. cuv e t t e s .  The a m o u n t  of s o l u t e  a d s o r b e d  w a s  
calculated from the difference in initial and final 
concentrations of the solutions and was measured in j»g. 
s o l u t e  (glucose e q u i v a l e n t s )  a d s o r b e d  per g r a m  of
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adsorbent. In some cases concentrations (adsorbed and 
solution) have been converted to lyophilized-weight  
extract concentrations using calibration graphs as shown 
in Chapter 2. Concentrations of UM2 extracts were 
calculated, assuming a similar composition, using the data 
for the lyophilized extract 28/1/81 since subsequent 
samples were retained in solution.
Desorption studies were carried out by dilution of the 
centrifuged supernatants from adsorption experiments. A 
k n o w n  v o l u m e  of s u p e r n a t a n t  was r e p l a c e d  w i t h  an 
equivalent volume of appropriate solvent, the adsorbent 
resuspended and mixed (end-over-end) for a further period 
(generally 18 hours). The samples were then centrifuged 
and analysed as before.
The effect of temperature on adsorption was examined for 
some of the extracts. Three temperatures were examined:- 
5,20 an 30 ± 0.5°C.
The effects of time, ionic strength, pH and the adsorbent 
surface area (S) : solution volume (V) ratio were also
examined. These experiments were carried out at 20 ±  
0.5°C. Ionic strength and pH were adjusted using NaCl and 
NaOH or HC1 respectively. The S:V ratio experiments were 
carried out at constant solution volume; the ratio being 
altered by changing the weight and hence surface area of 
the adsorbent.
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Attempts to saturate the surface of the adsorbent with 
adsorbate, for diluted ultrafiltration extracts, were made 
by mixing known amounts of each for a specified time. The 
solids were centrifuged, the supernatant replaced with a 
further volume of extract solution and mixed for the 
specified time. The amount of material adsorbed for each 
treatment was monitored. No change in concentration 
between the initial concentration and that after treatment 
indicated surface saturation.
The adsorbed materials from some adsorption experiments 
were examined with infrared spectroscopy using a Perkin 
Elmer PE557 grating infrared spectrophotometer. 200 mg. 
silver iodide discs were prepared as described in Section
3.2.
4.3. Results
4.3.1. A d s o r p t i o n  of X A D - 2  r e s i n  e x t r a c t e d  h u m i c  
material.
(a) Fulvic acid.
The isotherm for the 18 hour adsorption at 20°C of a 
fulvic acid extract (18/6/81) from artificial seawater (pH 
7.6) is shown in figure 4.4. The isotherm has a rounded 
profile with the increase in amount adsorbed becoming more
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gradual at unadsorbed concentrations >4pg. glucose ml ” 1  
(0.17 mg. fulvic acid ml”-*-), and with plateau adsorption 
at concentrations >9pg. glucose ml”-*- (0.39 mg. fulvic acid 
m l ” 1 ), w h i c h  is a p p r o x i m a t e l y  1 . 6  x 1 0  ^ t i m e s  the 
c o n c e n t r a t i o n  in s e a w a t e r .  The h i g h e s t  a d s o r b e d
concentration shown, 13 jug. glucose ml”1, is equivalent to
— 1 — 90.56 mg. fulvic acid gm 1  or 1 mg.m . Desorption
experiments showed the adsorption to be lirrevWsib'ie to
dilution.
FIGURE 4 .4  ADSORPTION OF XAO-FULVIC ACID ON SILVER IODIDE  
MIXING TIME 18HRS.
T *2 0 1 0 .5 *C  ‘ SAMPLE 1 8 /6 /8 1
Amount Adsorbed 
14"1 (wg glucose gm-1) pH  7 .6
12-
(SEE FIG. 4 .5 )
10-
4-
UNADSORBED C O N C E N TR A TIO N (yg  g luC O S e m l'1)
Figure 4.5 shows the infrared spectrum of fulvic acid 
adsorbed on silver iodide corresponding to point A on the 
isotherm (figure 4.4). The spectrum was recorded with an 
expanded (x5 ) transmittance axis as the initial spectrum 
was relatively weak. The spectrum (normal ordinate) of 
unadsorbed fulvic acid (KBr disc, from figure 2.6) is
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shown for comparison.
FIGURE 4 .5  I.R. Spectrum of fulvic acid adsorbed on Agl (a in fig.4.4)
100-
80- adsorbed (pH 7-6)
O 60-
20- ■fulvic acid from fig. 2.6
3SOO 2000 1800 1600 1400 1200 1000 
WAVENUMBER (CM'1)
600250030004000
The spectra are similar with the exception of the number 
of bands in the 1300-1000 cm--*- region and the presence of 
a small band at 1550 cm --*- for the adsorbed material. The 
1800-1600 c m - -*- region of the spectrum is, however,
dissimilar to that for material adsorbed from filtered 
seawater (see figure 4.10). The adsorbed fulvic acid 
spectrum shows a main peak in this region at 1720 c m “ ^ 
with a shoulder at 1650 cm"-*-, whereas that of adsorbed 
material from seawater has a main peak at 1650 c m --*- with a 
small shoulder at 1720 cm --*-.
The amount of fulvic acid adsorbed (sample 20/3/81) 
increased with decreasing pH (figure 4.6 ),with m a x i m u m  
adsorption in the pH 2-3 region. No adsorption was 
detected at pH 8.7. Some data from figure 4.6 is shown in 
table 4.1.
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FIGURE 4.6 ADSORPTION OF XAD-FULVIC ACID ON SILVER IODIDE: pH VARIATION
MIXING TIME 18HR S.
T » 2 0 i0 .5 *C
INITIAL C O N C .5 .5 3 U g  GLUCOSE ML1 
(0.3IT»g ML LYOPHILIZED W T .)
SAMPLE 2 0 / 3 / 8 1
Amount Adsorbed 
30-|(yg glucose gm*')
25-
20-
15-
10-
TABLE 4 .1  pH DEPENDENCE OF FULVIC ACID ADSORPTION (SAMPLE 2 0 / 3 / 8 1 )
P«
AMOUNT ADSORBED
COMMENT
ug GLUCOSE 
GM*1
mg FULVIC  
ACID GM'1
2 .2 1 9 .8 1.1 APPROX. X A D -2  EXTRA CTIO N pH
7 .6 6 .6 0 .3
pH FOR ISOTHERM DETERMINATION  
(F IG .4 .4  SAMPLE 1 8 / 6 / 8 1 )
8 4 .2 0 .2 AVERAGE pH OF SEAW ATER
DATA FROM FIG . 4 .6 :IN IT IA L  CONC. 0 .3 M G . ML'1 (APPROX. 3 6 0  
TIMES THE CONC. IN SEAWATER)
(b) Humic acid.
The amount of humic acid extracted using XAD-2 resin 
precluded any quantitative adsorption work. However, 
infrared examination of silver iodide treated with a 
solution of this extract at varying pH values, suggested
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adsorption over the pH range 2-10. The i.r. spectrum of 
humic acid adsorbed at pH 7.6 on silver iodide is shown in 
figure 4.7A. The spectrum of the adsorbed material is 
similar to that of the humic acid isolate (figure 2.5B) 
which is shown for comparison. The 1900 - 1200 cm"**- region 
of the spectrum of adsorbed material was also recorded 
with an expanded (x5) ordinate (figure 4.7B) since the 
initial spectrum was weak. These spectra show a strong 
similarity to that of material adsorbed from filtered 
seawater (see figure 4.10).
FIGURE 4 .7 A I.R . SPECTRUM OF HUMIC ACID ADSORBED ON Ag l
ADSORBED
/  (pH7-6i
oo  60-  
c  
(0
£ «o-
Cfl
cro ■HUMIC ACID FROM FIG .2.5B
2 0-
1200 1000 BOO3S00 6003000 2500 2000 1800 1600
WAVENUMBER (CM'1)
4000
FIGURE 4 .7 B  ADSORBED HUMIC ACID S PE C TR U M -19 0 0 - 1 200CM ~1 REGION
1 3 0 01 5 0 01 9 0 0 1 7 0 0
WAVENUMBER (CM*1)
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4.3.2. Adsorption of ultrafiltration (UM2, ^1,000 mwt.)
extracts.
Figure 4.8 illustrates the effect of time on adsorption, 
at 20°C, for the extract 12/3/82 (7-ion seawater, pH 7.6) 
and some data from this is shown in table 4.2.
FIGURE 4.8 ADSORPTION OF UM2 EXTRACT ON SILVER IODIDE:VARIATIQN WITH TIME
T « 2 0 ± 0 .5 *C  
7 -IO N  S EA W A TER ,PH 7.6  
C O N C. 9 .8 H g  GLUCOSE ML
SAMPLE 1 2 / 3 / 8 2
Amount Adsorbed 
120-j («g glucose gm'1)
110-
100-
90-
80-
Time(hrs)
20
TABLE 4 .2  AMOUNT ADSORBED W ITH T IM E -nA T A  FROM FIGURE 4 .9
ADSORPTION TIME
AMOUNT ADSORBED
Ug glucose g m *1 m g  EXTRACT GM'1 m g  EXTRACT M*2
3HRS. 8 7 .5 1.0 1.8
18HRS. 93 1.1 2.0
65HRS. 110 1.3 2.3
90HRS. 113 .5 1.4 2.5
(EXTRACT W TS . BASED ON ANALYSIS OF SAMPLE 2 8 / 1 / 8 1 )
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The initial concentration of the extract was approximately 
72 times the concentration in seawater and was equivalent 
to 0 . 1 2  mg. extract ml ” 1  (based on the analysis of sample 
28/1/82). There was an initial rapid increase in amount 
adsorbed between 0 and 3 hours and a more gradual increase 
between 3 and 65 hours. The increase then became even 
more gradual with an indication of constant adsorbed 
amount for times >90 hours.
Figure 4.9 shows the isotherm for the 18 hour adsorption, 
at 20°C, of sample 18/6/81 (7-ion seawater, pH 7.6).
FIGURE 4 .9  ADSORPTION OF A UM2 EXTRACT ON SILVER IODIDE
Amount Adsorbed
130_| (j4g glucose gm'1)
SEE FIG .4 .1 0
120 -
110-
100-
9 0 -
80-
70-
60-
7 -IO N  SEAW ATER, pH 7 .6  
T s 2 0 1 0 .5 'C ,SA M PLE 1 8 /6 /8 150-
MIXING TIME 18HR S .40-
30-
20-
10- UNADS0RBED CONCENTRATION
(Ug glucose ml'1)
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An initial rapid increase in amount adsorbed was observed 
and then it continued linearly with increasing bulk 
concentration,i.e. for unadsorbed concentrations 2 - 1 3  
/xg. g l u c o s e  m l “ ^ (0.024 - 0.16 mg. e x t r a c t  m l " ^ ) .
D e s o r p t i o n  s t u d i e s  s h o w e d  the a d s o r p t i o n  to be 
irreversible to dilution and no temperature dependence 
(5,20 and 30°C) was found. The greatest adsorbed amount 
in figure 4.9 (i.e. point B - 130.1 pg. glucose g m ”'^ ) is 
equivalent to 1 . 6  mg. extract g m ” -*- (2 . 8  mg. m"^) at an 
unadsorbed concentration of 0.2 mg ml-^ (13.3 pg. glucose 
ml~l). Figure 4.10 shows the infrared spectrum of the 
adsorbed materials for this point on the isotherm together 
with the spectrum of material adsorbed from filter- 
sterilised seawater (from figure 3.2B) for comparison.
FIGURE 4 .1 0  I.R . SPECTRUM OF A UM2 EXTRACT ADSORBED ON SILVER IQDIDEtB IN FIG . 4 .9 )
ADSORBEDtp H  7 .6 )
O  6 0 -
ADSORBED FROM 8L . S E A W A TE R (F IG .3 .2B )
20-
3S00 1400 6003000 2500 2000
WAVENUMBER (CM'1)
1600 .1- 12004000
Although the spectrum for the adsorbed UM2 material was 
weak there is an indication that the two spectra have 
similar main absorption peaks, viz: 3400, 2900, 1650,1530 
and 1050 cm"^, possibly suggesting similar adsorbed 
materials. .
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Isotherms for the 18 hour adsorption (20°C and pH 7.6) of 
sample 10/2/82 from seven-ion seawater and 0.7M NaCl (the 
approximate molarity of seawater) are shown in figure 
4.11.
FIGURE 4 .1  1 ADSORPTION OF A UM2 EXTRACT ON SILVER IODIDE 
T * 2 0 * 0 .5 ’ C 
pH 7 .6
Amount Adsorbed sample 10/2/82 
9 0 -
8 0 -
70-
60-
5 0 -
40-
3 0 -
2 0-
1 0-
1 2 3  4 4 .5
The isotherms were virtually identical and exhibit similar 
profiles, although slightly more rounded, to that in figure 
4.9. The greatest adsorbed amount in figure 4.11 (i.e.
that from artificial seawater, 85.5 jig. glucose g m -1) is
— 1 — 9equivalent to 1 . 0  mg. extract gm A (1 . 8  mg. m A) at an
unadsorbed concentration of 0.05 mg. extract m l -^ (4.3 p.g.
glucose ml"-*-). Desorption studies showed adsorption for
both systems to be irreversible to dilution.
gm
MIXING TIME 18 HRS
• 7 -IO N  SEAW ATER  
■ 0 .7 M  SODIUM CHLORIDE
UNADSORBED CONCENTRATIONI . .  l.i/>nc>a rvi
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The effect of increasing ionic strength (10”^-0.7M NaCl) 
on adsorption, 20°C and pH 7.6, is illustrated in figure 
4.12 and shows adsorption for two extract concentrations 
(sample 2/12/81), 13 and 5.8 jug. glucose ml“^ or 0.16 and
0.07 mg. extract ml-^, and these represent concentrations 
approximately 70 and 30 times that in seawater.
FIGURE 4 .1 2  ADSORPTION OF A UM2 EXTRACT ON SILVER IODIDE:
IONIC STRENGTH d e p e n d e n c e
T = 2 0 i0 .5 *C
p H 7 .6 ,M IX IN G  TIME 18 HRS.
, , SAMPLE2 / 1 2 / 8 1
Amount Adsorbed
1 °0-](jjg  glucose gm')
90-
80-
70-
60-
50-
40-
■ iaugg l u c o s e  m l
•  5.8Ug. GLUCOSE M L130-
2 0 -
1 0 -
MOLARITY(NaCL)
^ 2 0 .4 0 .7
Both concentrations showed approximately a linear increase 
in adsorption for NaCl concentrations up to 0.4M, while 
for subsequent increases in NaCl content the adsorption 
increase became more gradual. There was an indication of 
constant adsorbed amount for ionic concentrations >0.6M
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with the higher of the two concentrations of extract used.
A decrease in pH brought about an increase in amount 
adsorbed (figure 4.13) for extract 17/8/81 (mixing time 18 
hours, 7-ion seawater, pH 7.6 and 20°C) and some data from 
the figure is shown in table 4.3.
FIGURE 4 .1 3  ADSORPTION OF A UM2 EXTRACT ON SILVER IODIDE; PH DEPENDENCE
180-|
160
140
120-
100
8CH
60
Amount Adsorbed 
(Ug glucose gm’)
T * 2 0 i0 .5 * C  
SAMPLE 1 7 /8 /8 1  
7 -IO N  SEAWATER  
MIXING TIME 18HRS.
in it ia l  c o n c . 2o.8Ug glucose m l*1
,PH
1 0
TABLE 4 .3  pH DEPENDENCE OF U M 2-EX TA C T AD SORPTION (SAMPLE 1 7 /8 /8 1 1
P H
AMOUNT ADSORBED
COMMENTUg.GLUCOSE
g m :1
m gE XTR A C T
g m :1
2 .4 158 1 .9 0 APPROX. X A D -2 EXTRACTION pH
7 .6 1 0 8 .0 1 .3 0 pH FOR ADSORPTION STUDIES
8 .0 1 0 6 .7 1 .2 8 AVERAGE pH OF SEAWATER
9 .4 9 8 .6 1 .2 0
HIGHEST pH EXAMINED (pH > 1 0  
PRECIPITATION OF SEAWATER 
OCCURRED)
DATA FROM FIG. 4 .1 3 :IN IT IA L  CONC. 0 .2 3  MG EXTRACT ML (APPROX. 7 0  
TIMES THE CONC. IN SEAWATER)
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An approximately linear increase in amount adsorbed 
b e tween pH values 7.9 and 4.8 was observed with a more 
gradual increase between 9.4 and 8.0. A constant adsorbed 
amount was indicated for pH values 2.4 - 3.
Adsorption, with constant extract solution volumes, for 
two weights (hence surface area) of silver iodide (figure 
4.14) shows that an increase in surface area decreases the 
amount adsorbed. Figure 4.15 shows the data from figure 
4.14 plotted with both axes per unit area according to 
Koopal (1981) and the data fall,within experimental error, 
on the one curve.
FIGURE 4 .1 4  ADSORPTION OF A UM2 EXTRACT ON SILVER IODIDE:
SURFACE AREA DEPENDENCE
Amount Adsorbed 
100_|(ug glucose gm'1)
9 0 -
8 0 - 7 -IO N  S E A W A T E R ,p H 7 .6 
MIXING TIME 18HRS. 
SAMPLE 1 2 / 3 / 8 2  
T « 2 0 *0 .5 *C
7 0 -
6 0 -
50-
4 0 -
3 0 -
20-
1 0-
UNADS0RBED CONCENTRATION
(ug glucose ml'1)
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FIGURE 4 .1 5  ADSORPTION OF A UM2 EXTRA CT ON SILVER IODIDE: 
DATA FROM FIG. 4 .1 4  PLOTTED ACCORDING K O O P A L (1 981 )
Amount Adsorbed
1 0 <H(wg glucose gm*0
90-
8 0 -
70-
6 0 -
5 0 -
4 0 -
Cp*UNADSORBED CONC.
Mg glucose ml*1
S'SURFACE AREA OF ADSORBENT  
V*VO L. OF SOLUTION
3 0 -
2 0-
10-
(S /V )
4 0 0100 200 3 0 0
The results of the saturation experiments with successive 
two hour treatments with extract solutions are shown in 
figures 4.16A and B. These show saturation of 0.5g and 
0.3g of silver iodide with extracts 15/10/81 and 22/2/82 
respectively. The initial concentrations of 11.35 and 
7.33 jmg. glucose m l “ ^ (0.14 and 0.09 mg. extract ml"^) 
represented approximately seventy times their respective 
concentrations in seawater. The total amount adsorbed for 
the two experiments were:- (A) 0.64 mg. extract g m “^ and
(B) 1.2 mg. extract gm"-*-. The infrared spectra of the 
adsorbed materials are shown in figures 4.17A and B 
respectively.
146
FIGURE 4.16 SATURATION EXPERIMENTS
Aio s^g^ -
SAMPLE 1 5 /1 0 /8 1  n ;0 .3 g .Agl
SAMPLE 2 2 / 2 / 8 2
UNADSORBED C O N C .U g m l 1 
12i _ initiaLCQNC^ I1.35
1 2-.
UNADSORBED CONC.JUgDnl'1-a
1 0-
1 0-
8 -
■*INITIAL CONC 7 .3 3b -
NUMBER OF TREATMENTS
“i7
FIGURE 4 .1 7 A  I.R . SPECTRUM OF A UM2 EXTRACT ADSORBED ON SILVER IODIDE: 
SATURATION EXPERIM ENT-SAM PLE 1 5 /1 0 /8 1
100-
O  80-
20-
ORDINATE X5
660”°° 2000 ®°° 1600 1400 1200 1000 
WAVENUMBER (CM'j
30004000
The spectrum in figure 4.17A has the ordinate expanded 
(x5) in the 1800 - 1000 cm ^ region since the initial 
spectrum was weak. The spectrum of material adsorbed from 
filtered seawater (figure 3.2B) is shown in figure 4.17B 
for comparison. The spectra of the UM2 adsorbed material 
were very similar to this spectrum with the same major 
b a n d s , 3400, 2 9 0 0 f 1650, 1530 and 1060 c m ”^ suggesting 
similar adsorbed materials.
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FIGURE 4.17B I.R. SPECTRUM OF A UM2 EXTRACT ADSORBED ON SILVER IODIDE:
SATURATION EXPERIMENT-SAMPLE 1 0 / 2 / 8 2
100-
UM2 EXTRACT
8 0 -
ADSORBED FROM SEAW ATER(FIG . 3 .2 B )
2 0-
3500 3000 2500 2000
WAVENUMBER (CM*1)
1400 1200 10001600■i-
800 6004000
4.3.3. Adsorption of chloroform-emulsion extracts.
The effect of time on adsorption, for the extract 16/2/82 
(0.7M NaCl, pH 7.6 and 20°C), is i l l u s t r a t e d 'in figure 
4.18 and some data from this is given in table 4.4.
FIGURE 4 .1 8  ADSORPTION OF CHCL-^ m  EXTR ACT ON SILVER I0D ID E ;V A R IA TI0N  W ITH TIME
T « 2 0 i0 .5 *C  
0 .7 M  N aC L.pH  7 .6  
Amount Adsorbed s a m p le  16/ 2/82
1U0"](ug glucose gm*1)
i n i t i a l  c o n c .  8 .4 j jg  glucose m l*1
I n n  r v T n iP T m lA
90-
80-
70-
60-
50-
Time(hrs)40
80 90 100
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TABLE 4.4 AMOUNT ADSORBED WITH T1ME-DATA FROM FIG 4.18
ADSORPTION TIME
AMOUNT ADSORBED
ug. GLUCOSE GM'1mg- EXTRACT GM'1 mg. EXTRACT M**
18HRS. 56.5 2 .0 3.6
65HRS. 76.5 2.7 4.8
90HRS. 83.0 3.0 5.4
The initial concentration of the extract was approximately 
l x l O 1  t i m e s  the c o n c e n t r a t i o n  in s e a w a t e r .  An 
approximately linear increase of amount adsorbed was found 
for times between 18 and 50 hours. The increase then 
became more gradual for times up to 96 hours. The profile 
of this time curve exhibits a great similarity to that in 
figure 4.8 for a UM2 extract.
Isotherms for the 18 hour adsorption, at 20°C and pH 7.6, 
of extracts from 7-ion seawater and 0.7M NaCl are shown in 
figures 4.19A and B respectively. Desorption experiments 
showed the adsorption for both systems to be irreversible 
to dilution. No temperature dependence was found for 
adsorption from 7-ion seawater. Figure 4.19A shows an 
initial rapid increase in amount adsorbed which continued 
linearly with increasing bulk concentration, i.e. for 
unadsorbed concentrations 3 - 13.6 pg. glucose ml - 1  (0.04 
- 0.19 mg. extract m l - 1 ). The greatest adsorbed a m o u n t  
shown (416.7 pg. glucose g m ” 1) is equivalent to 5.8 mg. 
extract g m - 1  (10.4 mg. m ” )^ at an unadsorbed concentration
149
of 0.19 mg ml-1 (13.6 jug. glucose ml”-*-).
FIG U RE 4.19A  ADSORPTION OF A CHCL, <em EXTRACT 
ON SILVER IODIDE
Amount Adsorbed
450l(u g  glucose gm'1)
4 0 0 -
3 0 0 -
^  (SEE FIG .4 .2 0 A)
7 -IO N  SEAW ATER,pH 7 .6
MIXING TIME 18HRS.
200-
SAMPLE 1 9 /2 /8 1
'B(SEE F IG .4 .2 0 B )
100 -
UNADSORBED CONCENTRATION
(ug glucose ml*1)
 1 1
1 0 1 5
FIGURE 4 .1 9 B  ADSORPTION OF A C H C L ,/em  EXTRACT ON 
SILVER IODIDE
Amount Adsorbed
120"](wg glucose gm'1)
110-
1 0 O-
MIXING TIME 18HRS. 
SAMPLE 7 / 4 / 8 2  
0 .7 M  NSCLpH 7 .6  
T « 2 0 i0 .5 * C
8 0 -
6 0 -
UNADSORBED CONCENTRATION
(wg glucose ml"’)
50-
150
The isotherm obtained using 0.7M NaCl exhibited a similar 
profile to that in figure 4.19A although it was more 
rounded. The greatest adsorbed amount for this isotherm 
(117.5 jig. glucose ml” -^) represents 2.7 mg. extract g m ” "*
— p
(4.8 mg. m *) at an unadsorbed concentration of 0.15 mg. 
ml-1 (6.5 ;ag. glucose ml”-*-).
The infrared spectra of adsorbed material corresponding to 
points A and B in figure 4.19A are given in figures 4.20A 
and B respectively. The spectrum for the greatest 
adsorbed amount on this isotherm could not be recorded 
since.the concentration of adsorbed material rendered the 
silver iodide disc opaque to infrared radiation.
FIGURE 4 .2 0 A I.R . SPECTRUM OF A CHCL.,/€nn EXTRACT ADSORBED ON SILVER  
IODIDE(A IN FIG. 4 .1 9  A)
1500 1200 1000 600HOO 8000 2000 
WAVENUMBER (CM'1)
1600•1-30004000
The spectra (figures 4.20A and B) were recorded using the 
same conditions and thus should reflect the amounts of 
adsorbed material, assuming that the Beer-Lambert law is 
o b e y e d  w i t h i n  this c o n c e n t r a t i o n  range. P o i n t  A 
represents 4.1 and B 1.7 mg. adsorbed extract g m ” -*- (figure 
4.19A) and the absorbance values at 1650 cm"*-, calculated 
using the baseline method of Skoog and West (1971), were
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0.4 and 0.2 respectively reflecting the amounts of 
adsorbed material. Both spectra have absorption peaks 
(3400, 2900, 1650, 1530 and 1060 c m ”-*-) identical to those 
for adsorbed material from filtered seawater (see figure 
4.10) indicating similar adsorbed materials.
FIGURE 4 .2 0B  I R. SPECTRUM OF A CHCL^/g m  EXTRACT ADSORBED ON SILVER  
IQDIDEIB IN FIG. 4 .1 9 A )
100-
• 20-
1S00 600MOO  1600
WAVENUMBER (CM*1)
1200200030004000
Figure. 4.21 s h o w s  the e f f e c t  of i n c r e a s i n g  i o n i c  
concentration on the 18 hour adsorption of extract 7/4/82 
(pH 7.6 and 20°C). The two concentrations, 10 and 4.8 jjlg. 
glucose ml"^ (0.23 and 0.11 mg. extract ml"-*-) represent 
c o n c e n t r a t i o n s  400 and 180 t i m e s  r e s p e c t i v e l y  the 
concentration in seawater. Increasing the ionic strength 
p r o d u c e d  an i n c r e a s e  in a m o u n t  a d s o r b e d  for bot h 
concentrations, although the increase for the higher 
conentration was generally more gradual.
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FIGURE 4 2 1  A D S O R P T IO N  OF A C H C L . /C m  E X T R A C T  ON  
S IL VER  IO DIDE: IO N IC  ST R E N G TH  D E P E ND E N CE
Amount Adsorbed^ 
240~Kug glucose gm*.
2 20
200-
>1<*>j |g.GLUCOSE m l 
4.814g. g l u c o s e  m l
180
1 6 0 -
14 0
M IXING  TIME 18HRS. 
SAMPLE 7 / 4 / 8 2  
T « 2 0 i0 .5 *C ; pH  7 .6
1 2 0
M N3CL—I
0 .7100- 0 .40.21 0'
A decrease in pH brought about an incease in adsorption 
(figure 4.22A) for extract 16/2/82 (mixing time 18 hours, 
0.7M NaCl, pH 7.6 and 20°C) and some data from this is 
shown in table 4.5.
■E1GURE A P J O R P T IO N  O F A C HCL-<^ m  E X T R A C T  ON S IL V E R  IO DIDE: pH D E P E N D E N C E
Amount Adsorbed 
( j i g  glucose gm'’)1 4 0 -
1 2 0
100-
INITIAL CONC. 8 .8 jn g . GLUCOSE ml*
(o .35m g.EXTR A CT m il
8 0 -
SAMPLE 1 6 / 2 / 8 2
6 0 -
MIXING TIME 18HRS.
4 0 -
2 0
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TABLE 4 .5  OH DEPENDENCE OF CHCL, /Pm  ADSQRPT1QN(SAMPLE 1 6 / 2 / 8 2 )
pH
AMOUNT ADSORBED
COM M ENT
pgG LU CO SE
GM
m gEXTRACT
GM'1
12 48 1.9 APPROX. X A D -2  ELUTION pH
8 1 2 9 .5 5.1 AVERAGE pH OF SEAWATER
2 1 5 9 .8 6 .3 XA O -2 EXTRACTIO N pH
DATA FROM FIG. 4 .2 2 A : IN IT IA L CONC. 0 .3 S  MG. EXTRACT M L(APPROX. 10 
TIMES THE CONC. IN SEAW ATER)
The emulsion extracts may be divided into acid soluble and 
insoluble fractions (Section 2.5.3). Figure 4.22B shows 
the effect of pH on adsorption of an acid insoluble 
(major) fraction and an increase in adsorption with 
decreasing pH was observed as above.
Amount Adsorbed 
lug. glucose gm ')
FIGURE 4 . 2 2 8  A DS O RP T IO N  OF A C H C L , /OTI E X T R A C T  ON S IL VER  IODIDE:
DH DEPENDENCE OF AN ACID IN S O L U B L E  F R A C T IO N  4   —
400- 
350- 
300-
250 
200 
150- 
100-
IN IT IAL C O N C . 1 2 .4 L ig .G L UC O S E  ml.' '  (0 . 2 m g . E X T R A C T m l  ) 
M IX IN G  TIME 18HRS.
T » 2 0 i0 .5 *C  
SAMPLE 1 9 /2 /8  1 
0 .7 M NOCL
50-
10 11
pH
7^
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Adsorption, at constant extract solution volume, for two 
weights (i.e. surface area) of silver iodide (figure 
4.23) indicated that an increase in surface area decreased 
the amount adsorbed. The data from figure 4.23 is plotted 
according to Koopal (1981) in figure 4.24 and they fall 
within experimental error, on the one curve.
FIGURE4 .2 3  ADSORPTION OF A CHCL-.<em EXTRACT ON SILVER IODIDE:
SURFACE AREA DEPENDENCE
Amount Adsorbed 
(ug glucose gm ')120-
1 1 0 -
T).2g.Agl (S /V  0 .0 1 9 )
100-
MIXING TIME 18HRS. 
0.7M  N3CL, H 7 .6 '  
SAMPLE 1 1 /1 2  81 
T * 2 0 i0 .5 * C
9 0 -
8 0 -
7 0 -
60-
50-
0 .8g .A g l {S /V  0 .0 7 5 )
4 0 -
3 0 -
20-
10-
U N A 0S 0R 8E D  CONCENTRATION
( j i g  g lu c o s e  m l ’)
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FIGURE 4 .2 4  ADSORPTION OF A CHCL^ m  EXTRACT ON SILVER 
IOOIDE:OATA FROM FIG. 4 .23  PLOTTED
ACCORDING TO K O O P A LM 981)1 3 0 -.
Amount Adsorbed 
(ug. glUCOSe g m  '1 2 0-
1 1 0-
1 0 0 -
9 0 -
8 0 -
Cp» UNADSORBED C O N C .tU g m l ) 
S « SURFACE AREA OF ADSORBENT 
V * VOLUME OF SOLUTION
7 0 -
6 0 -
5 0 -
4 0 -
3 0 -
20-
10-
200 4 0 0  4 5 0100 3 0 0
4.4. Discussion
The organic extracts were shown to be polydiperse (Chapter 
2 ) and this was reflected in their ad sorption to silver 
iodide. The e f f e c t  of p o l y d i s p e r s i t y  w a s  c l e a r l y
demonstrated by the surface area to solution volume ratio 
experiments, whereby at constant solution v o l u m e  an
increase in surface area brought about a decrease in the 
amount adsorbed. This has been attributed (Cohen Stuart
et al., 1980; Koopal, 1981; Hlady e t a 1., 1982) to the
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competitive nature of the adsorption between high and low 
molecular weight polymeric materials: for a low surface
area the higher molecular weight constituents compete more 
effectively and thus the amount adsorbed will be high, 
whereas for a high surface area there is less competition 
for surface sites allowing low molecular weight material 
to adsorb and consequently the total weight adsorbed per 
unit area will be lower than for the high surface area. A 
plot of the data with both axes of the isotherm described 
as amounts per unit area (Koopal 1981) further showed this 
effect to be due to the polydispersity of the materials.
The effect of time on adsorption probably also reflects 
polydispersity (Section 4.1) whereby the adsorbed amount 
increases with time, after the initial rapid increase, as 
the lower molecular weight materials are displaced by 
higher molecular weight components. The indication of a 
possible levelling-off of adsorption for time >90 hours, 
for both the UM2 and emulsion extracts, possibly indicated 
the dominance of the highest molecular weight component in 
the adsorbed phase.
Polydispersity was also reflected in the shape of the 
isotherms (Cohen Stuart et al., 1980). All sy s t e m s 
exhibiting some form of rounded isotherm. The XAD-2 
fulvic acid extract showed possible plateau adsorption. 
However, the UM2 and emulsion extracts tended to show a 
linear increase in adsorption,after the initial rapid
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i ncrease, where, as c o m p e t i t i o n  for s u r f a c e  s i t e s  
i n c r e a s e d  the h i g h e r  m o l e c u l a r  w e i g h t  c o m p o n e n t s  
constituted more of the adsorbed phase thus giving rise to 
higher adsorbed amounts. Plateau adsorption would be 
obtained corresponding to surface saturation with the 
highest molecular weight component of these extracts. The 
degree of roundedness of the isotherms will be dependent 
on the relative amounts of the various molecular weight 
components in the samples (Cohen Stuart et al., 1980). 
The initial rapid increases of amount adsorbed for the UM2 
and emulsion extracts indicated a high affinity for the 
substrate and this was borne out by desorption studies 
which showed these systems to be irreversible to dilution. 
Naturally formed films have been shown to be irreversibly 
bound (Section 1.2). Although adsorbed m a t erials were 
shown to be bound irreversibly when the solution was 
diluted, lower molecular weight adsorbed components may be 
displaced by higher molecular weight c o m ponents as the 
adsorption progresses.
The driving force for the adsorption process is the 
decrease in the free energy of the system, made up of 
enthalpies and entropies of the three components (surface, 
solvent and adsorbate) ,and is governed by the equation:-
AG = AH - TAS
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where a G = change in free energy 
AH = change in enthalpy 
T = temperature (°K)
AS = change in entropy 
The lack of a temperature dependence for adsorption 
suggests little enthalpic contribution and consequently a 
substantial entropic contribution to the adsorption free 
energy must be involved. This may be achieved by a large 
positive entropy change arising from the desolvation of 
the s u r f a c e  t o g e t h e r  w i t h  s o m e  p o s s i b l e
desolvation of the adsorbing polymer (Kipling, 1965); one 
polymer molecule releasing several solvent molecules from 
the surface. For the adsorption to be entropy controlled, 
the gain in entropy due to solvent displacement must be 
greater than the loss of conformational entropy of the 
polymer as it adsorbs.
The effect of pH on adsorption for all the extracts was 
shown to be enhanced by a decrease in pH. The grea t e s t  
adsorbed amounts being obtained, for the pH values 
examined, at pH 2 which is consistent with the method of 
extraction of humic materials using XAD-2 resin (Chapter 
2). The increase in adsorption with decreasing pH has 
been partially attributed to the protonation of carboxyl 
groups in the humic material (Hedges, 1980). Protonation 
will reduce the solubility of the polymers by a reduction 
of the hydrogen-bonding capabilities with solvent (water) 
molecules. Protonation would also reduce inter- and
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intra-molecular charge interactions allowing a more 
compact form of the dissolved polymer, and possibly 
adsorbed polymers, together with a reduction in the 
lateral interactions between adsorbed molecules thus 
allowing a more compact adsorbed phase. No adsorption was 
detected at pH 8.7 for the fulvic acid indicating that a 
good recovery of this material may be obtained from XAD-2 
resin by elution with pH 11.6 NH 4 OH. This was consistent 
with the findings of the present study and Stuermer
(1975). However, appreciable adsorption was still 
observed at pH values >10 for the UM2 and emul s i o n  
extracts which was consistent with low recoveries of these 
materials when using XAD-2 resin as the adsorbent (Chapter 
2) .
The increasing adsorption with increasing ionic strength 
may be due to a decrease in solubility of the p o l y m e r s  
(salting-out) and/or the screening of molecular charges 
(Rosoff 1969). The molecular charges arising from the 
polyelectrolyte character of the materials due to the 
presence of uronic acids and possibly charged amino-acids 
in them (Chapter 2; Rashid and King, 1970; W i l s o n  and 
Kinney, 1977; Huizenga and Kester, 1979). The charge 
screening allows a more compact form of the polymer in 
solution, and possibly in the adsorbed phase, together 
with a reduction in the lateral charge interactions 
between adsorbed molecules thus also allowing a mor e 
compact adsorbed phase. The difference between the two
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concentrations used in these experiments (figures 4.12 and 
4.21;UM2 and C H C ^ - e m u l s i o n  extracts respectively) may 
indicate a differenc in solubility. The high concentration 
sample having a lower solubility at a lower ionic 
concentration than that for the low concentration sample.
The similarity in adsorption behaviour for the UM2 and 
emulsion extracts was consistent with the similarity of 
these materials (Chapter 2). I.R. spectra of adsorbed 
materials from the adsorption experiments with these 
extracts exhibited a strong similarity to that of material 
adsorbed from filter-sterilised seawater (figure 3.2B) 
thus indicating their greater contribution to the adsorbed 
film. Also surface-activity for high molecular weight 
marine sedimentary humic acids has been dem o n s t r a t e d  
(Hayano et al., 1982). The i.r. spectrum of adsorbed 
fulvic acid was, however, dissimilar to the above; in the 
1 7 5 0 - 1 6 0 0  cm"-^ r e g i o n  and i n d i c a t e d  o n l y  a low
contribution to the adsorbed film from this material. The 
adsorption-pH data may also suggest a greater contribution 
from high molecular weight (humic acids) m aterial to 
adsorbed "conditioning" films formed in seawater. A 
greater carboxylate character for fulvic acids, as 
i n d i c a t e d  by H a t c h e r  (1980), w o u l d  i n c r e a s e  t h e i r  
solubility in seawater in comparison to humic acids and 
thus their adsorption would be lower. The molecular  
weight difference, i.e. humic acids tending to be high 
molecular weight whereas fulvics tend to be lower
m o l e c u l a r  w e i g h t  (Chapter 2), m a y  also r e d u c e  the 
effective competition of fulvic acids for adsorption 
sites. However, the presence of fulvic material in the 
emulsion extracts and c h l o r o f o r m-emulsion extractable 
material in the XAD-fulvic extracts (Chapter 2) suggest 
some involvement in film formation.
These adsorption studies thus indicated humic acids to be 
major components of the adsorbed film with fulvic acids 
playing a lesser role. The molecular weight distribution 
of the adsorbed phase being dependent on the surface area 
of the adsorbent, the time allowed for adsorption to occur 
and also the relative molecular weight distribution of the 
initial sample. The amount adsorbed was dependent on the 
pH and ionic strength of the medium from which adsorption 
took place and also the time allowed for adsorption.
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CHAPTER 5
The influence of adsorbed layers of the extracts, on 
hydrophilic and hydrophobic substrates, on contact angle 
measurements and the attachment of a marine pseudomonad 
(NCMB2021).
5.1. Introduction
Although bacteria exist in bulk fluids they generally show 
a preference for interfaces between bulk media (Rutter, 
1980). This is particularly evident at solid-liquid 
interfaces in natural environments, and in particular the 
marine environment, where bacteria are generally found to 
be the initial surface colonisers (see Section 1.2). 
Bacteria, together with other microorganisms, are also 
found in g r e a t e r  c o n c e n t r a t i o n s  at the air - sea 
interface, in comparison to the bulk seawater (Bezdek and 
Carlucci, 1972; DiSalvo, 1973; Crow et al., 1975; Sieburth 
et a l . , 1976). In low n u t r i e n t  e n v i r o n m e n t s  m a n y
organisms grow exclusively or preferentially attached to a 
surface where the rate of reproduction is faster than in 
the bulk media (Zobell and Anderson, 1936; Zobell, 1937, 
1943; Bott and Brock, 1970; Hendricks, 1974).
It has been postulated that nutrients accumulate at the 
solid-liquid interface and that attached o r g a nisms may 
benefit from these and thus show an enhanced activity
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(Harvey, 1940; Zobell, 1943; Marshall, 1976, 1980;
Kjelleberg et al., 1982). Marshall (1979) has indicated 
that bacteria need not be firmly attached to solid 
s u r f a c e s  to b e n e f i t  f r o m  this i n c r e a s e d  n u t r i e n t  
c o n c e n t r a t i o n .  Z o b e l l  (1943) has i n d i c a t e d  that 
adsorption of nutrients may not be directly responsible 
for the enhanced activity. The enhancement could also be 
due to favourable pH, oxygen and carbon dioxide gradients 
at the interface (Zobell, 1937; Paerl, 1980) and/or the 
r e t a r d a t i o n  of the d i f f u s i o n  of e x o e n z y m e s  and 
hydrolysates away from attached cells,thereby promoting 
the assimilation of nutrients (Zobell, 1937, 1943).
Although nutrients may be concentrated by adsorption at 
the solid-liquid interface it is not clear whether 
organisms can utilise them, specifically the irreversibly 
bound macromolecular "conditioning" compounds (Fletcher,
1979). The work of Khaylov and Finenko (1968, 1970),
using model proteins and polysaccharides (from a single 
celled algal culture) adsorbed onto detrital particles, 
suggested that adhering m icroorganisms were capable of 
u t i l i s i n g  s o m e  a d s o r b e d  m a c r o m o l e c u l a r  m a t e r i a l s .  
However, they did suggest that dissolved macromolecules in 
seawater, and hence some adsorbed material, may not be 
pure proteins and polysaccharides but may be more complex 
and perhaps more resistant to enzymatic hydrolysis. Some 
authors (Ogura, 1970, 1972,1977; Skopintsev, 1981) have 
suggested that a fraction of the dissolved organic matter
in seawater (a macromolecular and probably humic fraction) 
is resistant to bacterial attack, or is only degraded very 
slowly. Dissolved macromolecular and humic materials have 
been implicated in a number of adsorption processes in the 
marine environment and may constitute a major fraction of 
the adsorbed "conditioning" film (Section 1.2.).
The attachment to, and colonisation of, the "conditioned" 
surface of an immersed material by mic r o o r g a n i s m s  
constitutes the formation of the p r i mary film in the 
marine fouling process. Several in vivo studies have been 
carried out to demonstrate an influence of substrate 
composition on the p r i m a r y - f i l m  regime (O'Neill and 
Wilcox, 1971; Sechler and Gundersen, 1973;Dexter et al., 
1975; Gerchakov et al., 1976; Taylor, 1977; Dexter, 1979; 
Marszalek „et al., 1979; Dempsey, 1981; Berk et al., 1982). 
The results showed generally that bacteria were the 
initial colonisers, and that different materials exhibited 
different types and numbers of attached microorganisms, 
especially during the first few days of submersion 
(Sechler and Gundersen, 1973). However, most workers have 
found that the first organisms to settle on surfaces are 
motile forms, mainly Pseudomonas species (Haderlie, 1977). 
The types, numbers and rates of attachment of subsequent 
adhering microorganisms depend on a number of variables as 
described in Section 1.2. The work of Gerchakov et al.,
(1976) and M a r s z a l e k  et a l . , (1979) s u g g e s t e d  tha t
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biological activity (i.e. toxicity) of the material was 
important in the events leading to primary film formation. 
The diversity of attached microorganisms was highest on 
biologically inert materials and lowest on biologically 
active materials. This influence of "activity" of the 
m a t e r i a l  d e c r e a s e d  as the p r i m a r y - f i l m  t h i c k n e s s  
increased, indicating a potential screening of the toxic 
effects of the substrate to later fouling organisms.
The in vitro studies of Fletcher and Loeb (1976, 1979), 
using substrates with different degrees of hydrophobicity, 
showed that greater numbers of bacteria attached to 
h y d r o p h o b i c  s u r f a c e s  in c o m p a r i s o n  to h y d r o p h i l i c  
surfaces. The range of materials examined further 
s u g g e s t e d  that bot h  e l e c t r o s t a t i c  and h y d r o p h o b i c  
interactions may be involved in the attachment process. 
Hydrophobic interactions may be involved in the ready 
accumulation of marine mic r o o r g a n i s m s  at the air-sea 
interface in vivo (Dahlback et al., 1980) and in or on 
lipid microlayers prepared at air-water interfaces in 
vitro (Norkrans and Sorensson, 1976). Further examples of 
the preference for hydrophobic surfaces for a number of 
bacteria in several attachment studies have been cited by 
Fletcher (1980b).
However, the in vivo studies of Dexter et al., (1975) and 
Dexter (1979) showed higher numbers of attached bacteria 
on glass, a decrease in the numbers and rate of attachment
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with a decrease in wettability and then an increase in the 
number of attached organisms on very hydrophobic surfaces 
(e.g. polytetrafluoroethylene). M i n i m u m  numbers of 
attached bacteria occurred on surfaces with critical 
suface tensions ranging between 20-25 dyne cm"-*-. It was 
suggested that materials having critical surface tensions 
within this range were in the "biocompatibility" range of 
materials for seawater. "Biocompatibility" repesents a 
range of critical surface tensions of materials which 
exhibit the least interactions in biological systems 
(Akers et a l . , 1977). D e x t e r  (1979) p r o p o s e d  an
explanation of the results based on the intermolecular 
force theory of Good and Girifalco (Girifalco and Good, 
1957; Good and Girifalco, 1960; Good,1977). He showed that 
the total interfacial tension calculated by this theory 
passed through a minimum when plotted against the critical 
surface tension ( tfc.) of the solid and this m i n i m u m  
correlated with the bioadhesion minimum. A two-step model 
of bioadhesion was suggested in which the wettability  
influenced either the rate of formation or composition of 
the " c o n d i t i o n i n g "  film, w h i c h  in turn i n f l u e n c e d  
bacterial attachment. Thus possibly accounting for the 
apparent differences between in vitro studies (Fletcher 
and Loeb, 1976, 1979) and in vivo studies (Dexter et al.,
1975; Dexter 1979). However, the influence of wettability 
on "conditioning" film formation and the influence of 
various natural films on bacterial attachment have not 
been demonstrated.
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Schrader (1982) has used a modification due to Fowkes 
(1962, 1964) of the Good and Girifalco theory, to explain 
the occurrence of an adhesion m i n i m u m  on low energy 
surfaces and this approximates all interactions at the 
interface to be due to dispersion forces. The application 
of the modified theory resulted in the implication that 
excess dispersion forces emanate from the solid on the 
high-energy side of the adhesion mini m u m ,  and from the 
liquid on the low-energy side. The minimum is the point 
at w h i c h  t h e r e  is a m i n i m u m  ( a p p r o x i m a t e l y  zero) 
dispersion interaction between the adsorbing species and 
the interface. It was suggested that the, differences in 
dispersion force interactions on either side of the 
m i n i m u m  could result in different adsorbed polymer  
conformations. It was postulated that initial buildup of 
the "conditioning" layer on all the low-energy interfaces 
o c c u r r e d  in islands. The l o w e r  the l i q u i d - s o l i d  
interfacial tensions ( 8 ^ ) the more sparse the islands at 
any given time. It was assumed that bacteria adhere to 
the existing film so their attachment rate would be 
greater to the higher ^ i n t e r f a c e s  during the initial 
stages of film formation. When and if the entire surface 
becomes covered with "conditioning" material the rate of 
attachment to low-energy interfaces may possibly approach 
or equal that to high-energy interfaces, but the total 
number of organisms adhering to the latter at any given 
time would remain greater (Schrader, 1982). Alternatively
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there is a difference in the rate of exchange of adsorbed 
species with those in solution for surfaces of different 
critical surface tensions, 8 c , (Schrader, 1982). Those 
of low 8 c having a faster exchange rate than those of high 
. Thus, assuming the strength of bioadhesion to the 
a d s o r b e d  m o l e c u l e s  is c o n s t a n t  r e g a r d l e s s  of the 
underlying substrate, and that the rate of adsorption of a 
cell to the adsorbed polymers is much lower than that of 
the polymer to the substrate, the observed rate, and even 
the ultimate steady-state concentration, of cell adhesion 
could be considerably less for the low 8 c materials.
The accumulation of m i c r o organisms at a surface can be 
divided into three stages (Fletcheret al., 1980):-
(i) adsorption, or the immobilization of an organism on a 
surface (this is sometimes referred to as deposition),
(ii) attachment (or the consolidation of the interface 
between an organism and a surface) and (iii) colonization 
(or the growth and division of organisms on the surface). 
It has already been suggested that attachment can lead to 
e n h a n c e d  a c t i v i t y  (incl u d i n g  r e p r o d u c t i o n )  of the 
organisms. To adsorb an organism must be brought into 
close proximity to a surface. A number of mechanisms may 
achieve this including diffusion, fluid transport, 
settling and motility (for some organisms). Once in close 
proximity organism-surface interactions will determine 
whether or not the organism is adsorbed. These are often 
termed adhesive interactions (Rutter, 1980). The number
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of o r g a n i s m s  that are c o l l e c t e d  by the s u r f a c e  is 
dependent on the number of collisions and the magnitude of 
the adhesive interactions between the organisms and 
surface, and the fluid removal forces acting on the 
organisms.
The Derjaguin and Landau and V e r w e y  and Overbeek (DLVO) 
theory of colloid stabilisation (Derjaguin and Landau, 
1941; V e r w e y  and Overbeek, 1948; Shaw, 1970; Ottewill, 
1973; Rutter and. Vincent, 1980) has been used by a number 
of authors to describe some of the b acterium-surface 
adhesive interactions (Marshall et a l ; 1971b; Lips and 
Jessup, 1979; Rutter, 1980). This theory involves an 
estimation of the magnitude, and variation with distance 
between the organism and the surface, of the van der Waals 
attractive energies between the organism and surface and 
the electrostatic repulsive energies, resulting from the 
overlapping electrical double layers around the two 
surfaces. The electrostatic repulsion arises from the 
negative charges normally apparent on both organisms and 
surfaces in aqueous systems (Rutter, 1980). The overall 
interaction energy (V^ .) is given by the sum of the two 
components. Curves showing the variation of V t with 
distance (h) can exhibit two values of h at which a net 
attraction occurs. These are referred to as p r i m a r y  (h 
very small) and secondary (h=5-10nm) m i n i m a  and are 
separated by a repulsion maximum (Rutter, 1980).
170
The actual shape of the curve obtained is dependent, to a 
large degree, on the electrolyte concentration as shown 
schematically in figures 5.1A,B andC.
FIGURE 5.1 INTERACTION ENERGYfV^ VERSUS SEPARATlON(h)CURVES AS A FUNCTION 
OF ELECTROLYTE CONCENTRATION(C) FOR A CHARGED PARTICLE 
APPROACHING A MACROSCOPIC SURFACE OF THE SAME SIGN
Potential energy(P.E.) P.E. P.E.
P.E..
\maximum
S.econdary
minimum
Primary
minimum
B. INTERMEDIATE C C. HIGH CA. LOW C
Va = ENERGY OF ATTRACTION
Vr = ENERGY OF REPULSION
Vt = OVERALL INTERACTION ENERGY
At low electrolyte concentrations (figure 5.1A) only a 
primary minimum is apparent and there is a large potential 
energy barrier to overcome if the organism is to come into 
close contact with the surface; thus effectively repelling
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the organism from the surface. At high electrolyte 
c o n c e n t r a t i o n s  (figure5.1C) this e n e r g y  b a r r i e r  is 
eliminated and there is a strong net attraction between 
the surface and organism. At intermediate electrolyte 
concentrations (figure 5.IB) the potential energy barrier 
is still present but is much smaller than for low 
electrolyte concentrations. A certain proportion of 
collisions will result in permanent contacts being made 
(i.e. the organisms will reside in the primary minimum). 
The number of collisions resulting in p r i m a r y  m i n i m u m  
contact is dependent on the height (strength) of the 
repulsion energy barrier. A secondary m i n i m u m  is also 
present at intermediate electrolyte concentrations. This 
is generally shallower than the primary m i n i m u m  and 
organisms will only reside there temporarily (Rutter and 
Vincent, 1980).
Marshall et al. (1971b) showed that at the ionic strength 
of seawater a secondary minimum attraction may be strong 
enough to hold organisms at the surface. They further 
showed that although motility of flagellates assists their 
arrival at surfaces, rapid motility does not provide 
enough energy for a bacterium to cross e l e c t r ostatic  
repulsion barriers unless the potentials are rather low. 
The attractive interaction permitted rotation and the 
occassional break-away of organisms and also their removal 
under the shear applied during rinsing. R e v e r s i b i l i t y
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indicated that strong primary minimum interactions were 
not involved (Rutter, 1980). The decrease in the number 
of reversibly attached organisms with a decrease in ionic 
strength (Marshall et al., 1971b) was consistent with the 
DLVO description for adsorption of the organisms. A 
decrease in ionic strength will lead to an increase in 
electrostatic repulsion at greater separation distances 
with a resultant decrease in the strength (depth) of the 
secondary minimum. The work of Meadows (1971) and Meadows 
and Anderson (1979), examining the attachment of a number 
of motile Gram-negative bacteria, have also indicated a 
reversible phase of attachment.
In addition to DLVO interactions at least two other types 
of interaction should be considered when discussing the 
adhesion of small particles (Lips and Jessup, 1979? Rutter, 
1980). T h e s e  i n v o l v e  a d s o r b e d  l a y e r s  and s u r f a c e  
wettability and relate to interactions at large finite 
separations and short separations, typically <0.4nm 
(Tadros , 1980), respectively.
The presence of solvated layers of macromolecules on both 
the organism surface and the surface of the collector can 
lead to a repulsion or attraction (Rutter, 1980). As the 
two surfaces approach the possibility exists for some of 
the polymer molecules having segments attached to both 
surfaces. T h i s  a r i s e s  f r o m  the p o s s i b i l i t y  of 
multisegmental adsorption for polymers and the fact that
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polymers invariably exhibit high adsorption affinities. 
This phenomenon is known as polymer bridging and results 
in increased attraction between the surfaces. The 
conditions favouring this are relatively low surface 
c o v e r a g e  of p o l y m e r  (or one s u r f a c e  m a y  be bare), 
macromolecules which protrude far away from the surface 
into solution and which preferably have high surface 
mobility (Lips and Jessup, 1979). Polymer dimensions in 
solution are usually comparable with, or larger than, the 
range over which van der Waals and electrostatic forces 
are significant and can thus mediate interactions at long 
range (Lips and Jessup, 1979? Rutter, 1980). P o lymer  
bridging would increase the probability of attachment 
until enough links or bridges had been formed to attach 
the cell irreversibly. The presence of a secondary 
m i n i m u m  is not an absolute requirement for p o lymer 
b r i d g i n g  but its p r e s e n c e  w o u l d  f a c i l i t a t e  b r i d g e  
formation (Rutter, 1980).
An attractive force can also occur if precipitation of the 
polymers between the surfaces takes place (Ash, 1979). 
Precipitation coud be induced by a change of solvent, the 
presence of divalent cations (e.g. calcium g elation of 
alginates) or coacervation between different p o l y m e r s  
(Rutter, 1980).
If both the organism and surface have high polymer
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coverage a repulsion can occur between the two surfaces. 
This is favoured by the presence of well-solvated non­
i n t e r a c t i n g  p o l y m e r  l a y e r s  and is t e r m e d  a s t e r i c  
interaction (Lips and Jessup, 1979; Rutter, 1980; Rutter 
and Vincent, 1980).
Polymer-polymer interactions (i.e. interactions between 
the bacterial exopolymers and adsorbed polymers on the 
surface of the immersed material) are important when 
c o n s i d e r i n g  a t t a c h m e n t  of o r g a n i s m s  in n a t u r a l  
environments. Here the surface generally acquires an 
adsorbed layer of m acromolecular material prior to 
bacterial fouling (Section 1.1). These interactions can 
result, as shown above, in the organism being attracted to 
or repelled from the surface. The interactions are likely 
to depend on the conformation, affinity and molecular 
composition of the polymeric layers. Polymer interactions 
which may eventually lead to adhesion may be divided into 
two types: specific and non-specific.The formation of
polymer bridges due to bacterial exopolymers physisorbing 
to inert surfaces, or polymer entanglement brought about 
by poor solvation of the bacterial exopolymers and 
adsorbed polymers on the substrate surface may be regarded 
as non-specific. Specific interactions may take the form 
of hydrogen-bonds, solvent-mediated or dispersion forces 
or ionic b r i d g i n g  and r e q u i r e  a s p e c i f i c  s p a t i a l  
relationship between the interacting polymer chains. 
Specific macromolecular interactions of the en z y m e -
substrate or antigen-antibody reactions have also been 
used by authors to explain bacterial attachment (Rutter, 
1980) .
Interactions at short separation distances (h— *0) can also 
lead to attraction and repulsion. DLVO theory is unable 
to predict accurately the depth of primary m i n i m u m  
interactions as a result of inadequate descriptions of 
short range forces (Lips and Jessup, 1979). The concept 
of surface wettability, however, has been used to describe 
biological interactions that occur at short separations 
(Lips and Jessup, 1979; Rutter, 1980; Rutter and Vincent,
1980). Surfaces interacting at short separations implies 
that any longer range repulsive barriers (electrostatic 
and possibly solvent force barriers) have been overcome 
(Lips and Jessup, 1979; Rutter, 1980). If a surface is 
hydrophilic (i.e. spontaneously wetted by water) it may 
have s t a b i l i t y  c o n f e r r e d  on it r e s u l t i n g  f r o m  the 
organisation of water molecules in the vicinity of the 
surface. Close approach of a particle to this surface 
would break down the local ordered water structure 
resulting in an increase in the free energy of the water 
molecules. If the surface and particle (bacterium) are 
both hydrophilic this stabilisation would be expected to 
be large (Lips and Jessup, 1979). Hydrophobic surfaces 
should experience a net attraction at short separations. 
This arises because the water molecules displaced into 
bulk solution now decrease their free energy, since in
bulk solution there is a net increase in their hydrogen 
bonding (Rutter and Vincent, 1980). Most microorganisms 
are hydrophilic, and thus the above analysis predicts that 
their adsorption to a hydrophobic surface would be 
stronger than to a hydrophilic surface (Rutter and 
Vincent, 1980).
Another factor to be considered in the case of hydrophobic 
surfaces is that polymer bridging may be facilitated. 
Certain proteins, for example, appear to adsorb more 
readily on hydrophobic surfaces than on hydrophilic 
surfaces (MacRitchie, 1972; Brash, 1977; Rutter, 1980).
Thus there are a number of physical interactions which can 
occur between an organism and a potential attachment 
surface. The organisms will tend to adsorb irreversibly 
to a surface in order to reduce the free energy of the 
system unless they are physically prevented from doing so 
by repulsive interactions. These may be produced by 
charge repulsion or steric repulsion at separations 
greater than about 2nm or by modifications in water 
s t r u c t u r e  at v e r y  c l o s e  s e p a r a t i o n s .  A l l  t h e s e  
interactions will in turn be dependent upon the ionic 
s t r e n g t h  of the e n v i r o n m e n t ,  the c o n f o r m a t i o n  and 
solvation of cell surface polymers and adsorbed polymers 
on the collector surface and the degree of organisation of 
s o l v e n t  m o l e c u l e s  on the a p p r o a c h i n g  s u r f a c e s  
(Rutter,1980).
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In the marine environment the attachment of primary-film 
fouling bacteria is generally regarded as a two stage 
process (Zobell, 1943; Marshall et al., 1971b). A 
reversible initial phase in which the bacteria are only 
weakly held at the surface (possibly in a secondary 
m i n i m u m )  and an i r r e v e r s i b l e  s e c o n d  stage. A f t e r  
irreversible attachment has occurred colonization may take 
place. In the reversible phase the organisms can exhibit 
Brownian motion, occassionally break away from the surface 
and can be removed from the surface by washing with saline 
solution. The second stage may be a time-dependent phase 
and due to extracellular polymer production which bridges 
the bacterial and substrate surfaces (Marshall et al., 
1971b; Marshall, 1973). In some situations, however, the 
reversible phase is not a prerequisite for irreversible 
a t t a c h m e n t ,  and f i r m  a t t a c h m e n t  can o c c u r  q u i t e  
spontaneously, such as with the adhesion of certain marine 
bacteria to polystyrene and similar plastics (Fletcher, 
1980b).
In the initial stages of fouling small rods appeared to 
have some selective advantage over other types in the 
permanent attachment to surfaces (Marshall et al., 1971a). 
The authors suggested that this selectivity could result 
from a greater ability of the organisms to metabolise and 
mutiply in the low nutrient environment, or it might be 
related to their extracellular polymer production.
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Polymer bridging has been implicated by a number of other 
authors as being responsible for bacterial attachment in 
the marine environment (Wood, 1967; Corpe, 1970a,b, 1973; 
Fletcher and Floodgate, 1973, 1976; Fletcher, 1980b). The 
secretion of extracellular polysaccharides may provide a 
s u b s t r a t e  for a t t a c h m e n t  (or e n t r a p m e n t )  of o t h e r  
microorganisms and particulates (Corpe, 1970b) and cause 
non-specific aggregation in other microbial communities 
(Tosteson and Corpe, 1975; Corpe et al., 1976).
Some organisms have specialised structures associated with 
their cell walls such as holdfasts, stalks, fibres, 
fimbriae (pili) and flagella (Corpe, 1970a; Meadows, 1971; 
Newman, 1974; Costerton, 1977). Although these structures 
may be involved in attachment, it has been suggested 
(Corpe, 1970b) that for the majority of p r i m a r y - f i l m  
forming bacteria the production of extracellular polymers 
was involved. Marshall et a l . (1971a) felt that these 
structures had little involvement in the a t tachment of 
pioneering pseudomonads to surfaces. The soft "blebs" or 
"droplets" observed by Copre et al., (1976) may have been 
sites where polymeric bridging material was concentrated. 
However, later settling organisms, such as Hyphomicrobium 
and C a u l o b a c t e r , have stalks, holdfasts or long hyphal 
filaments which may play an active role in a t t a c h m e n t 
(Haderlie, 1977).
The periphytic marine bacteria isolated by Corpe (1973,
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1975) produced varying quantities of extracellular 
polymer, which gave tests for polyanionic carbohydrate, 
plus in some cases, a substantial amount of protein 
(Corpe, 1975,1976). The polymers extracted by Corpe 
(1970a) from a number of strains of Pseudomonas atlantica 
(which was a dominant primary coloniser and produced large 
quantities of extracellular polymer) were shown to stain 
with crystal violet (a basic dye) and alcian blue, a dye 
that forms insoluble complexes with polyanions (Scott et 
al., 1964). The purified polymer was shown to be a 
polyanionic carbohydrate (Corpe, 1970b.)
Fletcher and Floodgate (1973, 1976) showed that a marine
pseudomonad attached to cellulose had two alcian blue 
stained surface layers. One was a compact layer on the 
outer s u r f a c e  of the cel l  w a l l  (termed p r i m a r y  
polysaccharide) and the other a loose fibrous p o l ymer  
(termed secondary polysaccharide). The former was 
suggested to be responsible for the initial attachment and 
the latter p r o d u c e d  after a t t a c h m e n t  and this m a y  
eventually replace the former. Fletcher (1980b) has 
suggested that the presence of the primary polysaccharide 
on the f r e e - s w i m m i n g  cell enables it to attach when it 
encounters a suitable surface. Forsberg et al., (1970) 
have shown the presence of a loosely bound outer wall 
layer (occupying the region of the primary polysaccharide) 
on a marine pseudomonad by successive separation and 
analysis of the wall layers.
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The electron microscope data (Fletcher and Floodgate, 
1 9 7 3 ,  1976) s u g g e s t e d  an a c i d i c ,  a n d  p o s s i b l y
polysaccharide, adhesive polymer. Some chemical analysis 
of an extracellular polymer, isolated from the organism by 
ethanol precipitation, has been described by Fletcher 
(1980b). The polymer contained largely carbohydrate and 
protein. The protein component ranging between 50-80% of 
the dry weight. Carbohydrate analysis showed a number of 
m o n o s a c c h a r i d e s  p r e s e n t ,  but no u r o n i c  a c i d s  w e r e  
detected. The carboxyl groups, which were shown to be 
present by infrared spectroscopy, were thought to be 
located in the protein fraction.
Sutherland (1980) has described some chemical analyses of 
extracellular polymers from a number of unidentified 
marine bateria. Various neutral monosaccharides were 
shown to be present but no uronic acids were detected. 
The effects of inorganic cations and some physical 
properties of the polymeric isolates were also examined. 
No general trend was found and the author concluded that 
the physical properties conferring adhesiveness still 
remained to be elucidated.
Corpe et al., (1976) showed that mutants of P s e u d o m o n a s  
atl a n t i c a , which had lost their ability to secrete the 
acid polysaccharide, could still attach to glass slides.
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However, the rate of attachment and growth rate of the 
bacterium were slower than that of the wild type. The 
m u t a n t s  s till p r o d u c e d  a p r o t e i n  and c a r b o h y d r a t e  
containing alcian blue-reactive substance (Corpe et al., 
1976; Corpe, 1980). The retention of the ability to 
attach, for these mutants, was suggested to confirm the 
work of Fletcher and Floodgate (1973, 1976) in that the 
acid p o l y s a c c h a r i d e  ( e q u i v a l e n t  to the s e c o n d a r y  
polysaccharide) was not required for attachment, and that 
the site of attachment was a layer more intimately  
associated with the cell wall.
Marshall (1980) has indicated that since bacteria are 
living organisms, their response to conditions existing at 
solid-water interfaces is a function of both the physical 
(colloidal) and biological properties of the bacteria. 
Fletcher (1980a) has differentiated the involvement of 
these two properties in attachment into passive and active 
attachment mechanisms. Various experiments have been 
carried out with marine organisms in an attempt to show 
some physiological activity in the attachment process 
(i.e. active attachment).
Fletcher (1977) showed that the number of attached 
bacteria (using a motile marine pseudomonad) varied with 
the growth phase of the organism. The greatest tendency 
to attach was shown for log phase cultures, with a
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progressive decrease in the numbers of attached bacteria 
after the onset of stationary phase and during death 
phase. This may have been due to a progressive change in 
quality or quantity of cell surface polymer produced 
a nd / o r  a d e c r e a s e  in the m o t i l i t y  of the o r g a n i s m  
(Fletcher, 1977, 1980b). The removal of flagella from log 
phase organisms (Fletcher, 1980b) resulted in a decrease 
in the number of attaching organisms in comparison to the 
motile form. Cell motility could facilitate attachment by 
either increasing the number of bacterial collisions with 
the surface, t h e r e b y  i n c r e a s i n g  the s t a t i s t i c a l  
probability of attachment, or by increasing the force with 
which the bacterium encounters the surface, helping to 
overcome electrostatic repulsion forces (Fletcher, 1980b). 
In view of the calculations of Marshall et al., (1971b), 
that the energy of a motile organism may be insufficient 
to cross an electrostatic repulsion barrier, the above 
former mec h a n i s m  appears to be the most probable. The 
observed dependence on culture concentration and time for 
attachment similarly reflected an increase in collision 
frequency with the surface (Fletcher, 1977).
The m o t i l i t y  of an o r g a n i s m  is a l s o  i n v o l v e d  in 
chemotactic responses. Young and Mitchell (1973a) have 
shown positive chemotaxis, for a number of motile marine 
bacteria, towards a variety of organic c o m p o u n d s  in 
solution. Thus motile organisms are able to respond to 
nutrient concentrations suggested to occur at solid-liquid
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interfaces in the natural environment (Marsall, 1980). 
These chemotactic-positive compounds enhanced the rate and 
number of attaching organisms. This may result from an 
increase in the number of o r g a nisms arriving at the 
interface. Neutral c h e m otactic agents did not enhance 
attachment. Negative chemotaxis (Young and Mitchell, 
1973a,b; Chet et al., 1975) was shown for some toxic 
organic and inorganic compounds. The authors thus 
suggested that positive chemotaxis played a role in the 
attachment of film forming bacteria whilst negative 
chemotaxis might prevent attachment.
A dependence of the numbers of attached marine pseudomonas 
species on the temperature of the system has been shown 
(Fletcher,1977) .A decrease in temperature resulted in a 
decrease in the numbers of attached organisms. This may 
have been due to a change in the physiology of the 
organism or the p h y s i c o-chemical adsorption of the 
organism onto the surface (Fletcher, 1977, 1980b). It was 
not certain which mechanism was operating. However, the 
organism was suggested to be psychrophilic (Fletcher, 
1977) indicating that it was possibly the physico-chemical 
adsorption mechanism operating.
Some organisms in natural environments are described as 
zymogenous c h e m o - o r g a n o t r o p h s , i.e. those that obtain 
energy from the oxidation of reduced organic compounds and
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exhibit a rapid response to high levels of nutrients, but 
grow poorly, if at all, in low nutrient enviro n m e n t s  
(Marshall, 1979, 1980). These organism may represent the
dwarf-like organisms encountered in the marine environment 
and these may be metabolically inactive (Marshall, 1980). 
Marshall et al., (1971a) showed that dwarf-like bacteria 
were the primary colonisers of glass surfaces immersed in 
marine environments. These d w a r f - f o r m s  appeared to be 
replaced by normal-size organisms after twelve to twenty 
four hours. Marshall (1979) suggested that dwarf-forms 
present in the oligotrophic (low nutrient) marine waters 
may rapidly respond to the nutrients concentrated at the 
surface by growing into normal-size bacteria. Marshall 
(1980) has shown that a dwarf marine Vibrio attached to 
glass in greater numbers than the normal size organism. 
Kjelleberg et al., (1982) have shown that a dwarf marine 
Vibrio responded to increased nutrients at interfaces 
(solid-liquid and liquid-air) by an increase in size and 
activity. The concentration of nutrients used was too low 
to permit growth in the bulk aqueous phase.
The presence or absence of cations (di-and trivalent) has 
been shown to influence attachment (Marshall et al., 
1971b; Fletcher and Floodgate, 1973, 1976; Fletcher, 1979, 
1980a,b). Fletcher (1980b) has suggested three ways in 
which cations may influence the attachment of m a r i n e 
bacteria;- (i) by influencing cell physiology or membrane 
permeability, (ii) influencing the electrical double
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layer and hence the electrostatic repulsion forces between 
the organisms and surface and (i i i) by helping to 
maintain the structural integrity of charged adhesive 
polymers through cross-linking of acidic groups, i.e. both 
active and passive attachment mechanisms. The results did 
not clearly indicate which mechanism was operating.
The e f f e c t  of k i l l i n g  c e l l s  w i t h  f o r m a l d e h y d e  or 
ultraviolet irradiation on their subsequent attachment has 
been examined (Meadows, 1971; Fletcher, 1980a). This was 
an attempt to arrest the activity of the organism and 
examine its effect on attachment. However, the results 
were not clear-cut since both enhancement and inhibition 
of attachment were observed (Fletcher, 1980a).
The presence and concentration of some dissolved organic 
materials have been shown to influence attachment. 
Marshall et al., (1971b) have shown that low levels (7 
rng.l” -^ ) of glucose enhanced attachment of a marine 
organism to glass. Attac h m e n t  was reduced at higher 
levels (14 and 21 mg.l” -^ ) and completely inhibited at 30
and 70 m g . l “ -^ . T h i s  e f f e c t  of g l u c o s e  w a s  not
investigated further, and it is not clear whether the 
glucose resulted in metabolic or structural changes to the 
bacterium which might alter the mechanism by which it 
attaches to a surface (Marshall, 1980). Solutions of some 
proteins may inhibit (Meadows, 1971; Fletcher, 1976),
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enhance (Meadows, 1971) or have no effect on attachment 
(Fletcher, 1976). The nature of these effects is not 
understood. Fletcher (1976) has also examined the effect 
of adsorbed layers of proteins on the attachment of a 
marine pseudomonad to polystyrene. Adsorbed layers of 
bovine serum albumin, gelatin, fibrinogen and pepsin 
inhibited attachment. The inhibition probably resulted 
from physico-chemical interactions:- steric interactions 
or by affecting hydration of the surface and converting it 
to an unfavorable hydrophilic one (Fletcher, 1980a). 
Fletcher and Marshall (1982) have shown, using a captive 
b u b b l e  t e c h n i q u e ,  that a d s o r b e d  p r o t e i n  l a y e r s  on 
polystyrene reduced the contact angle in comparison to the 
clean surface i.e. the surface became more hydrophilic. 
This was consistent with a reduction in the number of 
attached organisms (a marine pseudomonad). Adsorbed 
protein layers also reduced the number of attached 
organisms on a more hydrophilic tissue culture dish. 
However, no change in contact angle was found for these 
s u b s t r a t e s .  It was t h o u g h t  that the r e d u c t i o n  in 
attachment may possibly have resulted from a steric effect.
More direct evidence of some physiological activity in 
attachment was shown in the work of Marshall (1973) and 
Fletcher (1980a) using metabolic inhibitors. These 
studies showed that both energy production and protein 
synthesis might be required for the firm attachment of 
marine bacteria to solid surfaces. The requirement was
187
shown to vary with the organism and substrate.
There are thus a large number of factors which can 
influence the mechanism of bacterial attachment. Some may 
be explained in p h y sico-chemical terms whilst others 
indicate some involvement of the physiological activity of 
the organism. A range of experiments have been carried 
out in an effort to elucidate the mechanism of attachment 
in the marine environment. However, despite its suggested 
initiating role in the fouling process little is known of 
the effect of the "conditioning" layer on subsequent 
bacterial attachment. This chapter examines the effect of 
a d s o r b e d  l a y e r s  of s o m e  o r g a n i c  s e a w a t e r  e x t r a c t s  
(described in previous chapters) on the attachment of a 
marine pseudomonad (NCMB 2021) whose growth and adhesive 
properties have been studied previously (Fletcher, 1976, 
1977, 1979? Fletcher and Floodgate, 1973, 1976? Fletcher
and Loeb, 1979).It has been shown that m i c r o o r g a n i s m 
attachment was dependent on surface wettability (Dexter et 
al. ,19 7 5 ?Dexter,1979 ?Fletcher and Loeb,1979). However 
Dexter (1979) has suggested that "conditioning" film 
formation is dependent on wettability and the film formed 
subsequently affects attachment. Thus the effect of 
adsorbed layers of the organic extracts on the wettability 
of hydrophilic and hydrophobic surfaces is also examined.
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5.2. Materials and methods.
The substrates used for the wettability (contact angle) 
and microorganism attachment experiments were hydrophilic 
and hydrophobic glass microscope coverslips (22mm , Chance 
Propper Ltd.). The coverslips were cleaned in a nitric- 
hydrochloric acid (50:50) mixture for 16 hours. The 
hydrophilic substrates were obtained by rinsing the acid- 
cleaned coverslips with double-distilled water (3x250cm^ ) 
just prior to use. Hydrophobic substrates were obtained 
by drying the acid-cleaned and water-rinsed coverslips, 
and then methylating with trimethylchlorosilane according 
to the m e t h o d  of S m i t h  e t a l . , (1970). T h e  d r i e d
hydrophobic coverslips were stored in a dessicator over 
slica gel prior to use. One attachment experiment was 
carried out using glass microscope slides (76x26mm, Chance 
Propper Ltd.). These were acid-cleaned and methylated as 
before to give hydrophilic and hydrophobic surfaces.
Contact angle m e a s urements were made using a captive 
bubble technique (Laskowski and Kitchener, 1969? Hamilton, 
1972; Adamson, 1976? Ko et al., 1981). The apparatus is 
shown diagramatically in figure 5.2A. Measurements were 
made using a 2p n-octane drop contacting the substrates 
immersed in 0.7M sodium chloride (A.R) solution. Figure 
5.2B shows the magnified images for the hydrophilic and 
hydrophobic substrates.
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FIGURE 5.2A CONTACT ANGLE APPARATUS
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FIGURE 5.2B Magnified octane drops
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Angles were measured using a Beck eyepiece - calibrated 0° 
to 360° with an accuracy of 0.2°. The angles a and a' 
shown in figure 5.2B were measured. The contact angle 
(©) ,of the octane drop with the substrate, was obtained by 
subtraction of the average of these values from 180°. 
Contact angles for duplicate samples were measured with 
three measurements per sample. Reproducibility was ± 5° 
owing to the heterogeneity of the surfaces. Advancing 
contact angles were measured to avoid any possible 
stripping of the adsorbed layers with the octane drop.
Mi c r o o r g a n i s m  attachment experiments were carried out 
using the marine pseudomonad NCMB 2021. The preparation of
i
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a suspension of organisms and the attachment experiments 
were based on the methods used by Fletcher and Loeb (1976, 
1979). The organism was grown in Difco marine broth 2216 
at 20°C. 250cm^ portions of the medium were inoculated
w i t h  2 c m ^  of a s t a t i o n a r y  p h a s e  (24 hour) c u l t u r e  
(Fletcher,1977) and incubated at 20°C for 22 hours with 
stirring. The organisms were collected by centrifugation 
(2000xg, 15 mins.) , w a s h e d  w i t h  s t e r i l e  s e v e n - i o n
artificial seawater (Section 2.4) and finally resuspended 
in seven-ion seawater. The concentration of the suspension 
was determined using an improved Neubauer counting 
chamber.
20cm^ portions of the bacterial suspension were placed in 
sterile 25cm^ beakers containing the test substrates in a 
vertical orientation. The attachment experiment using the 
microscope slides was carried out using 400cm^ of
o
suspension in a sterile 500cmJ beaker. Two hours at 20°C 
were allowed for attachment to take place. The test 
substrates were then rinsed with sterile distilled water 
to remove unattached bacteria. Attached organisms were 
fixed wih Bouin's fixative(71% v/ v saturated aqueous 
picric acid-24%v/ v f o r m a l i n - 5 % v/ v acetic acid) and 
stained with ammonium oxalate crystal violet(2%) for 10 
minutes. Attached bacteria were counted using a Leitz 
" O r t h o p l a n "  m i c r o s c o p e  ( m a g n i f i c a t i o n  xl200, o i l -  
immersion) connected to a Quantimet 720 image analysis 
system. Duplicate samples and forty fields per sample
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were counted for each treatment. Only the inner portion 
of the coverslip was examined, edge-effects being ignored. 
The field area was calibrated using a stage-graticule 
(Graticules Ltd.) and this represented 6.8 x 10”^ mm^. 
Numbers of attached organisms on the microscope slides 
were not determined.They were photographed to provide a 
visual demonstration of the gross differences between 
hydrophilic,hydrophobic and emulsion-extract treated 
hydrophobic surfaces.
S u b s t r a t e s  for both c o n t a c t  a n g l e  and a t t a c h m e n t  
experiments were treated with 0.7M NaCl(pH7.6), an 
ultrafiltration extract (UM2-26/4/82) and a c h loroform 
emulsion extract (7/4/82). The codes for the extracts are 
those used in Chapter 2. The extracts were dissolved in 
0.7M NaCl (pH7.6) at the following concentrations:- 5cmJ 
of the ultrafiltration concentrate diluted to 50cm^ and 
0.2 mg. ml”-*- for the chloroform emulsion extract. These 
were the highest concentrations used in the adsorption 
experiments described in Chapter 4 and represented 
a p p r o x i m a t e l y  72 and 330 t i m e s  r e s p e c t i v e l y  t heir 
concentrations found in seawater. Substrates for contact 
angle measurements were treated, by gentle agitation in a 
shaking water-bath at 20°C, with 10cm^ of the above 
solutions for times ranging between ten minutes and 20 
hours. Treatment prior to the attachment experiments was 
similarly carried out but only two hours was allowed for
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adsorption. The treated substrates were rinsed with 0.7M 
NaCl before the contact angle and attachment experiments 
were performed.
5.3. Results
The variation of contact angles (0) with time for the 
hydrophobic coverslips, after treatment with the extracts, 
are shown in figure 5.3.
FIGURE 5.3 Variation of contact angle with time-hydrophobic substrate
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The value of 0 at time=0 was the value for the untreated 
(i.e. clean) substrate. Treatment with 0.7M NaCl gave an 
increase in contact angle from 12° to 90° which remained 
constant for the duration of the experiment (20 hours). 
The coverslips all appeared hydrophobic when removed from 
the NaCl solution, i.e. they were not readily wetted 
d u r i n g  the r i n s i n g  s t a g e .  T r e a t m e n t  w i t h  the
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u l t r a f i l t r a t i o n  (UM2) or the c h l o r o f o r m  e m u l s i o n  
(CHCl3 /em) extract also produced an increase in contact 
angle. All the treated substrates were readily wetted 
during the rinsing procedure. T r e a t m e n t  with the UM2 
extract gave an increase from the initial 12° to 117° 
after 10 minutes contact which became constant at 126° 
after one hour. The C H C ^ / e m  extract gave an increase 
from 12° to 133° after 10 minutes contact which gradually 
changed to 150° after 20 hours contact.
Contact angles for hydrophilic coverslips after treatment 
for 10 minutes, 2 and 20 hours are shown in table 5.1.
TABLE 5 .1  VARIATION OF C O NTACT ANGLE W ITH T IM E -
TREATMENT
TIME
CONTACT ANGLE(O) AFTER TREATMENT W ITH
0.7M  NOCL U M 2E X T R A C T
CHCL3/e m
EXTRACT
10 MIN. 1 6 615* 16 8 1 5 * 1 7 0 1 5 *
2 HRS. 16 9  « 1 6 8  *• 16 8  ••
2 0  HRS. 168  " 1 6 6 '* 1 6 8  "
CLEAN HYDROPHILIC COVERSLIP 6 *  1 6 9 1 5 *
No change in contact angle when compared to the clean 
substrates was shown, within experimental error, for any 
of the treatments and times examined. All were readily 
wetted during the rinsing procedure.
Table 5.2 shows the variation of contact angle for 
hydrophilic and hydrophobic substrates with a range of 
treatments. The UM2 and CHCl^/em extracts and 0.7M NaCl,
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10cm for 1 hour, all resulted as above, in an increase 
in contact angle for the hydrophobic substrate and no 
change for the hydrophilic substrate. Treatment with 1 
litre of filtered seawater for one hour produced little 
change whith either substrate. There was an indication 
that the hydrophilic surface may become slightly more 
h y d r o p h o b i c  and the h y d r o p h o b i c  one s l i g h t l y  m o r e  
hydrophilic after this treatment.
TARI.F 5 .9  VARIATinM OF C O N T A C T  
ANCStEtQ) W ITH  TRCATMENT
TREATMENT
CONTACT ANGLE(0)
HYDROPHILIC
SUBSTRATE
HYDROPHOBIC
SUBSTRATE
NONE 
(i.e. CLEAN) 16915* 1215*
0 .7 M  NaCL 
10CM3/ 1 HR. 170 -
9 0  -
U M 2-10C M 3 
1 HR.
1 6 8 “ 126 -
C H C L j/e m
10CM 3/1 H R . 1 6 6 “
141 -
FILTERED
SEAWATER
1L ./1H R .
1 5 8 - 110-
The microorganism attachment results for treated and 
untreated substrates are shown in table 5.3.It shows that 
a large number of organisms were attached to the untreated 
and 0.7M NaCl treated hydrophobic substrates. The 
attached organisms were evenly distributed over the 
surface.No attachment occured on any of the other 
substrates.
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fABLF 5 .3  A T T A C H M E N T RESULTS
T R E A T M E N T
NUMBER OF A T TA C HE D  
O R G A N IS M S  m n i * (  ± 9 9 %  L IM ITS )
HYDROPHIL IC
S U BST RA TE
H YDROPHOBIC
S U B S T R A T E
NONE 0 9 .1 1 0 .7 X 1 04
CFTM N3CL 0 10 .9  ±0.6X1 04
UM 2 0 0
C H C L 3/ e m 0 0
C UL TU RE  C 0 N C . = 4 X 1 0 80 R G A N IS M S  MLV
The difference between hydrophobic, hydrophilic and 
treated hydrophobic substrates is further demonstrated in 
plate 5.1. which shows microscope slides stained with 
crystal violet after contact with a sus p e n s i o n  of 
organisms (5x10® organisms ml--*-) for two hours.
£1^ ^ H ?Ig',NEWDiym§?nPf^kl?lpS^  
A=HYDROPHOBIC SUBSTRATE
B=HYDROPHILIC SUBSTRATE
C=HYDROPHOBIC SUBSTRATE  
LOWER HALF TREATED WITH  
C H C L j/e m  EXTRACT
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The colour density of the stain reflects the number of 
attached organisms. Slide A (hydrophobic substrate) shows 
large numbers of attached organisms whilst the hydrophilic 
substrate (slide B) shows an inhibition of attachment. No 
organisms were found on the hydrophilic substrate when 
examined microscopically except at the solid-liquid-air 
interface which appeared as a thin line near the top of 
the slide. Slide C is a hydrophobic substrate with the 
lower part pretreated with a chloroform-emulsion extract 
(0.2 mg.ml” 1 ) for 2 hours at 20°C. The top part (i.e. 
untreated) shows a large number of attached organisms, 
which is consistent with the clean hydrophobic substrate 
(Slide A), whereas the lower treated part shows inhibition 
of attachment as shown for the hydrophilic substrate 
(Slide B).
5.4. Discussion
It has been shown (Chapter 3) that UM2 and c h l o r o f o r m -  
emulsion extracts can adsorb to both hydrophilic and 
hydrophobic glass substrates. Therefore contact angle and 
microorganism attachment data for these surfaces should 
reflect the presence of adsorbed layers of material. High 
concentrations were used in an attempt to ex a m i n e  the 
effects of wel l - f o r m e d  films and cor responded to the 
highest concentrations used in the adsorption experiments
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with silver iodide (Chapter 4). The quantities of fulvic 
and humic acids recovered from XAD-2 extraction precluded 
the use of these materials. Some fulvic acids will, 
however, be present in the UM2 and c h l o r o f o r m - e m u l s i o n  
extracts (Chapter 2) and adsorption data (Chapter 4) 
suggested only a small contribution from fulvic acids to 
the adsorbed films.
The surface energy of solids (Zisman, 1964) and the 
contamination of surfaces by organics in n o n-marine 
(White, 1970) and marine environments (Section 1.2) have 
frequently, been measured using contact angle techniques. 
However, in all these cases the substrates were either 
air-dried or measurements made in air. Thus the surface 
energy may not represent that found in natural aqueous 
environments owing to adsorption of ions, organics and 
solvent from the liquid medium.The drying procedure may 
cause irreversible changes in the configuration of 
adsorbed layers. The use of a captive bubble technique, 
however, allows measurements to be made under water and 
thus represents more nearly the natural environment. This 
technique has been used previously to describe the 
r e l a t i v e  h y d r o p h i 1 icity of s u r f a c e s  in a q u e o u s  
environments (Laskowski and Kitchener, 1969; Hamilton, 
1972; Ko et al., 1981; Fletcher and Marshall, 1982).
Contact angle values for the clean (untreated) surfaces 
(12° for the hydrophobic and 169° for the h ydrophilic
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substrates) were consistent with the findings of Hamilton 
(1972) who showed that hydrophobic surfaces had contact 
angles <50° and hydrophilic ones between 50°-180°. The 
size of the angle for the hydrophilic substrates was also 
shown (Hamilton, 1972) to be dependent on the magnitude of 
the surfaces* polar forces. Silica having large polar 
forces in an aqueous environment would thus be expected to 
show a high contact angle. S i m i l a r l y  Ko et al., (1981) 
showed that contact angles of n-octane on 2-hydroxyethyl 
methacrylate and ethyl acrylate copolymers increased as 
the hydrophilicity increased.
The increase from the initial 12° to 90° for 0.7M NaCl 
treated hydrophobic substrates was probably due to 
physically adsorbed water since Pashley and Kitchener 
(1979) have shown that methylated quartz adsorbed a thin 
film of water from saturated water vapour. Laskowski and 
K i t c h e n e r  (1969) and L a m b  and F u r l o n g  (1982) h a v e  
indicated that only 54% of such a surface is covered with 
methyl groups and it has been suggested (Laskowski and 
Kitchener, 1969) that water molecules form clusters around 
the isolated non-methylated polar sites. The fact that 
the 0.7M NaCl treated substrates were not readily wetted 
during the rinsing procedure indicated that they had 
remained hydrophobic in character. 0.7M NaCl treated 
hydrophilic substrates were shown to remain hydrophilic 
for all the times examined and with no change in value 
when compared to the clean substrate.
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Contact angle data for all extract-treated substrates 
showed them all to be hydrophilic in character and the 
ready wetting with water during the rinsing stage was 
consistent with this. A resultant convergence of values 
for treated hydrophilic and hydrophobic substrates was 
also shown as indicated below in table 5.4 for a two hour 
exposure to the extracts.
TABLE 5 .4  C O N T A C T  ANGLE DATA FOR HYDR OPH IL IC  AND 
HYDROPHOBIC  SUBSTRATES
TR E A T M E N T H YDROPHIL IC HYDROPHOBIC
NONE 1 6 9 * 12*
U M 2 / 2 H R S 1 6 8 s 1 2 6 °
C H C L 3- E M / 2 H R S 1 6 8 1 1 4 6 ‘
The hydrophilic character possibly results from solvent 
associated with the adsorbed polymers and/or hydrophilic 
segments of the adsorbed material extending into the 
liquid medium. Adsorption was found to occur within 10 
minutes for the hydrophobic substrates marked by a change 
in contact angle to >90° (i.e. greater than that for 0.7M 
NaCl treated substrates for this time).The greater contact 
angle values for the hydrophobic substrates treated with a 
C H C ^ - e m u l s i o n  e x t r a c t  m a y  r e f l e c t  the g r e a t e r  
concentration of higher molecular weight material in this 
extract which could then give rise to a more c o m p a c t
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adsorbed layer.
There was little change in contact angle values for 
substrates treated with filtered seawater (1 hour) 
possibly indicating a low adsorption of material resulting 
from the low levels present in the seawater (Section
2 .1.1); t h e  c h a n g e s  p r o d u c e d  a b o v e  w e r e  .with 
concentrations approximately 72 and 330 times the 
concentrations in seawter of the UM2 and C H C ^ - e m u l s i o n  
extractable material respectively. However, the surface 
area of the substrates was small in comparison to the 
surface area of the vessel containing the seawater and 
thus material may have been lost by adsorption onto the 
vessel walls. The data may also indicate adsorption of 
other dissolved materials not considered in this study, 
e.g. lipids, free amino-acids and carbohydrates.
The m i c r o o rganism attachment results for the untreated 
substrates were consistent with those of Fletcher and Loeb 
(1976, 1979) for the attachment of NCMB 2021 to a range of 
substrates of varying surface characteristics. These 
a u t h o r s  s h o w e d  m i n i m u m  a t t a c h m e n t  on h y d r o p h i l i c  
substrates, an increase in attachment with an increase in 
hydrophobicity and maximum numbers of attached organisms 
on a hydrophobic polystyrene substrate. Fletcher and Loeb 
showed attachment of organisms to a hydrophilic glass 
substrate whereas this study showed zero attachment. This
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difference may have resulted from the difference in 
o r i e n t a t i o n  of the s u b s t r a t e  in the a t t a c h m e n t  
e x p e r i m e n t s .  F l e t c h e r  and L o e b  used a h o r i z o n t a l  
orientation thus allowing gravitational deposition of 
organisms to occur whilst in this study a vertical 
orientation was used which should eliminate this mode of 
collection at the surface.
Fletcher and Loeb (1976, 1979) discussed their results
in terms of hydrophobic interactions and electrostatic 
repulsion interactions between the negatively charged 
surfaces and bacteria. However, the observed effects may 
be described solely in terms of the w e ttability of the 
surfaces. Organisms attaching to hydrophobic surfaces via 
hydrophobic interactions whereas stability is conferred on 
the hydrophilic surfaces by the layer of water at the 
surface as discussed in Section 5.1.
Attachment results for the extract pretreated substrates 
were consistent with the contact angle data, i.e. all 
pretreated substrates were shown to be hydrophilic and 
exhibited an inhibition of attachment. A similar effect 
was shown (Fletcher, 1976; Fletcher and Marshall, 1982) 
for some protein pretreated substrates, whereby adsorbed 
protein layers reduced the attachment of N C M B  2 0 21 in 
comparison to the clean substrate. The inhibition of 
attachment may result from the stability of the water 
layer associated with the adsorbed polymer layer, a steric
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repulsion (Section 5.1), an electrostatic repulsion 
between the negatively charged polymers and bacteria (Loeb 
and Neihof, 1975; F l e t c h e r  and Loeb, 1979) or a 
combination of all three processes.
The dramatic difference in attachment for pretreated 
surfaces was shown in plate 5.1 where a hydrophobic 
surface, part pretreated with an emulsion extract, showed 
attachment equivalent to a clean hydrophobic surface for 
the untreated section whereas the pretreated section 
showed an inhibition of attachment as shown for a clean 
hydrophilic substrate.
The t i m e  a l l o w e d  for a t t a c h m e n t  to the u n t r e a t e d  
hydrophilic and all the pretreated substrates may not have 
been sufficient for detectable attachment to take place, 
although the data of Fletcher (1976) and Fletcher and Loeb 
(1976, 1979) suggested that this was not the case for
horizontally orientated substrates. However, Rutter and 
Leech (1980) studying the attachment of S t e p t o c o c us 
sanguis NCTC 7868 have shown a slower rate of attachment 
and lower numbers of attached organisms to the upper 
s u r f a c e  c o m p a r e d  to the l o w e r  s u r f a c e  of a g l a s s  
capillary. It is difficult to predict whether NCMB 2021 
organisms will attach to pretreated surfaces and untreated 
hydrophilic surfaces given a longer time, since time 
studies for the attachment to polystyrene only in a
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horizontal orientation (Fletcher, 1977) have been carried 
out.
The similarity in behaviour of the UM2 and CHCI 3 - emulsion 
e x t r a c t s  for both c o n t a c t  an g l e  m e a s u r e m e n t s  and 
microorganism attachment assays was consistent with the 
similarity in character of the materials involved (Chapter 
2 ) and the consequent similarity of their adsorption 
characteristics (Chapter 4).
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Chapter 6
Summary, general discussion and suggestions for further 
work.
The low levels of dissolved organic matter present in 
seawater (section 2 .1 .1 ) required their isolation prior to 
examination. This study has used three extraction 
p r o c e d u r e s  viz: a d s o r p t i o n  o n t o  X A D - 2  r e s i n ,
u l t r a f i l t r a t i o n  and c h l o r o f o r m - e m u l s i o n  extraction 
(Section 2.3) to i s o l a t e  m a c r o m o l e c u l a r  and h u m i c  
materials from seawater. These materials have been 
implicated (Section 1.2) in a number of adsorption 
processes in the marine environment. Although these 
e x t r a c t i o n  p r o c e d u r e s  have b e e n  used by o t h e r s  to 
independently isolate materials from various sites 
throughout the world, they have not been applied together 
for the e x t r a c t i o n  of m a t e r i a l s  f r o m  one site. 
Consequently some work was carried out to determine the 
relationship between materials extracted by these three 
methods. All extracts were shown to be comprised of humic 
materials. The XAD-2 extraction procedure appeared to be 
best suited to the extraction of fulvic acids (generally 
low molecular weight polymers), whilst high molecular  
weight materials (humic acids) were best extracted using 
ultrafiltration. These high molecular weight materials 
although adsorbed to the XAD-2 resin during the extraction 
procedure, were not recoverable using the normal elution
conditions (pH 11.6, NH^OH). The c h l o r o f o r m - e m u l s i o n  
technique may be used to extract the surface-active humic 
material, which was shown to be predominately humic acids 
but it also contained low levels (^2 2 %) of fulvic acids.
As a consequence of the low levels of dissolved materials 
present in seawater the quantities recovered by each of 
the extraction procedures were low (Tables 2.3, 2.7 and 
2.8). This limited the amount of experimentation carried 
out on the extracts, particularly the characterisation  
(Chapter 2), since the main objectives of the work were to 
examine the adsorption characteristics of the extracts and 
the effects of adsorbed layers of them on bacterial 
adhesion. The characterisation (Chapter 2) showed, 
however, consistencies with previously published data for 
marine sedimentary humic materials (Hatcher, 1980). Humic 
a c i d s  w e r e  i n d i c a t e d  to have a m o r e  p r o t e i n a c e o u s  
character than fulvic acids by the presence of dominant 
amide I and II bands in their i.r. spectra, but the amount 
of hydrolysable amino-acids was substantially less than 
for a true protein (Bovine serum albumin). I.R. spectra 
of fulvic acids suggested them to contain predominately 
carboxylate and hydroxyl functions. The extracted 
materials had molecular weights ranging between <500 and 
^300,000 (by ultrafiltration), with the fulvic acids 
(0.01M HC1 soluble fraction) tending to have the lower 
molecular weights whereas the humic acids (0.01M HC1
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insoluble fractions) had higher molecular weights, 
although both fractions may contain material spanning the 
above molecular weight range. The materials appeared to 
be heteropolymers containing low carbohydrate (5 - 10%)
and amino-acid levels ( 8  - 24%). The presence of the ^
carbohydrate functions was shown to allow the quantitative 
estimation of the extracts. The major portion of these 
materials was unidentified but probably contains a number 
of different functional groups (Jeffrey, 1969; Stuermer,
1975; Stuermer and Harvey, 1978; Hatcher, 1980; Saito and 
Hayano, 1981). A great deal of work is still required to 
elucidate the exact chemical nature of these humic 
materials. However, it is thought (Section 2.1.3) that 
marine humic materials are different from those of 
terrestrial sources and that they are derived from the 
breakdown and decay of dead marine organisms, and possibly 
via condensation reactions (Section 2.1.4). The resultant 
materials do not resemble the normal constituents of 
living organisms, e.g. proteins, polysaccharides and 
lipids (Section 2.1.3).
Adsorption experiments with silver iodide (Chapter 3) and 
extraction experiments (Chapter 2) showed that not one of 
the three extraction procedures used was capable of 
extracting all the surface-active materials. This was a 
result of the polydispersity of the materials together 
with faults inherent in each of the extraction methods.
These adsorption experiments did show, however, that the
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extraction of humic material from seawater reduced the 
amount of adsorbing material and this was consistent with 
the view that humic materials were components of marine 
"conditioning" films (Loeb and Neihof, 1975; Goupil e_t 
al., 1980).
An adsorbed film formed on silver iodide from filter- 
sterilised seawater showed strong similarities to the 
extracted humic acids, and also to published spectra of 
adsorbed films formed in vivo (Chapter 3), suggesting a 
major component of the "conditioning" films to be humic 
acids. The adsorption data (Chapter 4) further indicated 
humic acids to be major components whilst fulvic acids 
played a lesser role. This may arise from the lower 
molecular weight and greater solubility in seawater of 
fulvic acids. Lipids (Chapter 2; Section 3.4) were also 
indicated to play only a minor role in film formation. 
This was consistent with the observation of reduced 
surface-activity of lipid material in the presence of 
other naturally occurring surface-active m a t erials in 
seawater (Section 1.2).
The extracted materials were capable of adsorbing to both 
hydrophilic and hydrophobic substrates, with an indication 
of greater adsorption to the hydrophobic substrates 
(Chapter 3). The adsorption of similar m a t erials to 
different substrates could result in them attaining
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s i m i l a r  s u r f a c e  c h a r g e s  as i n d i c a t e d ,  by 
microelectrophoresis, to be the case for materials 
contacted with unfractionated seawater (Loeb and Neihof, 
1975; Hunter, 1980). Contact angle data (Chapter 5) 
showed that hydrophilic and hydrophobic substrates 
remained or became hydrophilic after treatment with 
ultrafiltration or C HCl^-emulsion extracts, and that 
detectable adsorption to a hydrophobic substrate occurred 
within ten minutes of contact with solutions of these 
extracts. This would be consistent with the view of a 
rapid attainment of an adsorbed film on materials immersed 
in seawater (Section 1.2).
Adsorption studies (Chapter 4), using silver iodide powder 
as the adsorbent, reflected the polydispersity of the 
materials, with the amount adsorbed being dependent on the 
surface area to solution volume ratio, the time allowed 
for adsorption to progress and the molecular weight  
distribution of the dissolved macromolecules. The pH and 
ionic strength of the med i u m  from which adsorption 
occurred was also shown to influence the amount of 
material adsorbed. The greatest adsorption occurred at 
pH2 for all extracts, for the pH values examined, and this 
was consistent with their efficient removal from solution 
at this pH using XAD-2 resin. However, very little of the 
high molecular weight materials (humic acids) could be 
recovered by elution at pH 11.6, i.e. that normally used 
for the recovery of marine humic materials from the XAD-2
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resin (Chapter 2). This was consistent with appreciable 
adsorption being apparent on silver iodide at this pH for 
these high molecular weight materials (Chapter 4).
It is thus suggested that "conditioning" films formed on 
materials immersed in seawater are predominately composed 
of macromolecular materials with lesser amounts of lipid 
material being present. The major components of the 
macromolecular materials are suggested to be humic acids 
with a minor contribution from fulvic acids. It is not 
known whether there is any variability in the composition 
of the adsorbed film with surface type although both 
hydrophilic and hydrophobic substrates have been shown to 
adsorb the macromolecular humic materials (Chapter 3). 
However, Carter (1978) has shown that calcium carbonate 
adsorbed fulvic acids that were aspartic acid rich while 
quartz adsorbed an aspartic acid poor fraction. This type 
of composition variability may not affect the subsequent 
b a c t e r i a l  a t t a c h m e n t  since bot h  h y d r o p h i l i c  and 
hydrophobic substrates with in vitro adsorbed films were 
shown (Chapter 5) to behave in a similar manner, i.e. an 
inhibition of attachment of NCMB2021. It is also not 
known whether other low molecular weight materials (e.g. 
free carbohydrates and amino-acids) are involved in film 
formation. Their low molecular weight and high solubility 
in w a t e r  w o u l d  s u g g e s t  t h e m  not to be i n v o l v e d ,  
particularly after extended periods of immersion. The 
condensation reactions which are thought to occur in the
marine environment (Section 2.1.4) may, however, provide a 
means for their incorporation into the adsorbed films.
Adsorption of the humic materials was shown to be 
irreversible to dilution (Chapter 4), consistent with the 
findings of Loeb and Neihof (1975), Hunter (1980) and 
Kristoffersen et al., (1982) for naturally formed films. 
H o w e v e r ,  as a r e s u l t  of the p o l y d i s p e r s i t y  of the 
materials involved, high molecular weight components may 
displace adsorbed low molecular weight components (Chapter 
4). This displacement mechanism may account for the long 
term (2 - 2 0  hours) increase in film thickness as measured 
by ellipsometry (Neihof and Loeb, 1976? Loeb and Neihof, 
1977; Kr istof f ersen et al., 1982). The film thickness 
increasing as the molecular weight of the adsorbed 
polymers increases (Section 4.1). These changes in film 
thickness may also result from a long time being required 
for the initial adsorbing material to achieve a steady- 
st a t e  a d s o r b e d  c o n f i g u r a t i o n  (Section 4.1). T h e  
polydisperse character of the adsorbing materials would 
also be consistent with the findings of Neihof and Loeb 
(1972) who indicated that both high and low molecular 
weight material (greater or less than ~ 1 2 , 0 0 0  molecular 
weight) was present in an adsorbed film formed on an ion 
exchange resin. The presence of carboxylate groups 
(colorimetric detection of uronic acids and carboxyl 
absorption bands in i.r. spectra) in the extracted
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material correlates with the findings of Hunter (1980) who 
showed that the major ionisable functions of adsorbed 
materials to be carboxylic acid and phenolic groups.
The above evidence strongly suggests that films formed by 
the adsorption of the organic extracts were very similar 
to those formed in vivo. The examination of, for example, 
microelectrophoretic mobilities and surface potentials of 
materials contacted with solutions of these extracts, 
together with film thickness (ellipsometric) measurements, 
would further demonstrate their similar nature.
The second stage of the fouling process is thought to be 
the attachment to, and colonisation of, the "conditioned" 
surface by fouling microorganisms (Section 1.2). However, 
the attachment data (Chapter 5) suggested that adsorbed 
layers of naturally occurring organic material could bring 
about an inhibition of bacterial attachment. This 
attachment data was consistent with the contact angle data 
(Chapter 5) in that treated substrates, which were shown 
to be hydrophilic, exhibited an inhibition of attachment 
as demonstrated for the clean hydrophilic substrates, and 
this was in marked contrast to the high numbers of 
attached organisms on the clean hydrophobic substrates.
The present study attempted to examine the effects of 
well-formed films on bacterial attachment. However, in 
the natural environment only partial coverage of the
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surface may occur as a result of the low levels of 
dissolved, and hence adsorbing materials, present in 
seawater. Thus the adsorption of lower levels of the 
extracts and their effects on subsequent bacterial 
attachment need to be examined. Contact angle data 
(Chapter 5) suggested low adsorption of dissolved material 
from filtered seawater, but losses of material oh the 
container walls may have influenced this result. Schrader 
(1982) has suggested that the adsorption of dissolved 
organics occurs in islands and the bacteria then attach to 
these islands of adsorbed material. However, the bacteria 
may attach to the exposed material between these islands 
and thus attachment would be determined by the original 
substrate properties as shown in vivo by a number of 
authors (O'Neill and Wilcox, 1971? Sechler and Gundersen, 
1973; Dexter et al., 1975; Gerchakov et al., 1976; Taylor, 
1977? Dexter, 1979; Marszalek et al., 1979? Dempsey, 1981? 
Berk et al., 1982). Thus the adsorbed materials may not 
play an active role in bacterial attachment.lt may simply 
be that m a c romolecule adsorption precedes bacterial 
attachment in nature. Partial coverage of the substrate 
surface would also facilitate polymer bridging (Section
5.1) during the bacterial attachment phase of the fouling 
process.
Flocculation of microorganisms by the dissolved polymers 
may serve as a means of depositing organisms at surfaces.
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The existence of free polymers and microorganisms in the 
natural environment together with their low levels would 
suggest that flocculation may not occur. However, high 
concentrations of both, which are thought to occur at 
interfaces, may facilitate this process.
The organism used in the present study may not be 
representative of the naturally occurring organisms since 
it has been held in culture for a number of years and this 
may have altered some of its properties. Thus in vitro 
experiments need to be performed using wild cultures 
obtained from the site of collection of the water. Also 
in vivo attachment experiments with the in vitro formed 
films and the attachment of NCMB2021 to naturally formed 
films are required. The present study only examined one 
attachment time and this may not be sufficient to allow 
attachment to hydrophilic substrates to occur (Section 
5.4). Thus the influence of time on m i c r o o r g a n i s m  
attachment to clean hydrophilic and extract-treated 
substrates also needs to be examined.
It is also not known whether bacteria can utilise the 
adsorbed polymer layer as a nutrient source. Ogura (1972) 
has shown that some dissolved organic material is utilised 
(~50% of the total), whereas the remainder was probably 
refractory and resistant to biochemical oxidation. It was 
further shown (Ogura, 1975) that some m a c r o m o l e c u l a r  
material (isolated by ultrafiltration) also provided a
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nutrient source. However, it appeared that low molecular 
weight dissolved organic matter was utilised first by 
microorganisms whereas this present study suggests that 
the adsorbed material is predominately of high molecular 
weight. Experiments with chloroform-emulsion extractable 
material may determine whether the surface-active 
macromolecules may be readily utilised. Adsorption may 
alter the conformation of the polymer thus affecting the 
accessibility of potential nutrients e.g. the amino-acid 
and carbohydrate moeities. Therefore the bacterial 
utilisation of extracted materials in solution only, may 
not determine whether adsorbed material could be used as a 
nutrient source.
T h u s  a l t h o u g h  this st u d y  has s e r v e d  to g i v e  s o m e  
indication of the formation, constituents and role of 
"conditioning" films formed in the marine environment, a 
number of questions still have to be answered before their 
actual involvement, if any, in the marine fouling process 
is fully understood.
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